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Cortical neurons process information on a background of spontaneous, ongoing activity
with distinct spatiotemporal profiles defining different cortical states. During wakefulness,
cortical states alter constantly in relation to behavioral context, attentional level or general
motor activity. In this review article, we will discuss our current understanding of cortical
states in awake rodents, how they are controlled, their impact on sensory processing,
and highlight areas for future research. A common observation in awake rodents is the
rapid change in spontaneous cortical activity from high-amplitude, low-frequency (LF)
fluctuations, when animals are quiet, to faster and smaller fluctuations when animals are
active. This transition is typically thought of as a change in global brain state but recent
work has shown variation in cortical states across regions, indicating the presence of a
fine spatial scale control system. In sensory areas, the cortical state change is mediated
by at least two convergent inputs, one from the thalamus and the other from cholinergic
inputs in the basal forebrain. Cortical states have a major impact on the balance of activity
between specific subtypes of neurons, on the synchronization between nearby neurons,
as well as the functional coupling between distant cortical areas. This reorganization of
the activity of cortical networks strongly affects sensory processing. Thus cortical states
provide a dynamic control system for the moment-by-moment regulation of cortical
processing.
Keywords: brain states, barrel cortex, sensory processing, synchrony, acetylcholine
INTRODUCTION
Even in the absence of any external sensory input or motor activity, the brain is constantly active.
This ongoing, or spontaneous, electrical activity was first revealed in living animals by Caton
(1875) and then by Berger (1929) in humans using electroencephalography (EEG) recordings
on the skull surface. Hans Berger’s classical EEG recordings from the occipital cortex of awake,
but relaxed, subjects with their eyes closed showed high-amplitude oscillatory activity around
10–15 Hz that transitioned rapidly to smaller and faster fluctuations whenever the subject opened
his eyes or performed mental calculations. This pioneering work was the first report of a brain
state change correlated with a change in behavioral or mental state. It also introduced the notion of
brain rhythms or oscillations, and the idea that different brain states could be characterized by the
dominant frequency component of the EEG activity.
Following these early studies, the use of scalp EEG has been extensively used to study cortical
activity in relation to behavioral states, neurological disease and mental processes in humans and
animal models. Many studies have characterized cortical activities across the wake-sleep cycle
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(Loomis et al., 1935; Rheinberger and Jasper, 1937; Moruzzi
and Magoun, 1949; Jouvet, 1967; Steriade et al., 1993b;
Hobson and Pace-Schott, 2002), reporting small-amplitude
high-frequency (HF) fluctuations of the EEG during wakefulness
that progressively transition to higher-amplitude and slower
fluctuations when the subject falls asleep to reach maximum
amplitude and lowest frequency during non-rapid-eye-
movement (non-REM) sleep. Because EEG recordings during
non-REM sleep are dominated by slow patterns of electrical
activity (the ‘‘slow-oscillation’’ 0.1–1.5 Hz and delta activity
1.5–5 Hz), this sleep state is also referred to as slow-wave sleep
(SWS)1. Based on these early EEG studies, wakefulness is often
described as a state of global neocortical desynchronization,
dominated by low-voltage, HF (>20 Hz) activities, whereas
NREM sleep is seen as a state of global synchronization
dominated by high-voltage, low-frequency (LF, <10 Hz)
activities (Lin, 2000; Steriade, 2000; Hobson and Pace-Schott,
2002; Jones, 2005; Brown et al., 2012). However, later studies
have demonstrated that HF cortical activities, in particular in the
gamma frequency range (30–90 Hz), can be highly synchronous
during wakefulness within and across cortical areas (Steriade
et al., 1996; Destexhe et al., 1999; Steriade, 2000; Engel et al.,
2001). Consequently, the terms activated and deactivated were
proposed to replace the terms desynchronized and synchronized
respectively. In this review article, we will refer to activated state
or cortical activation for cortical activity characterized by a low
ratio between LF (1–10 Hz) and HF (20–100 Hz) activity.
Until recently, the cellular mechanisms underlying cortical
states in awake mammals was poorly understood due to technical
limitations associated with manipulating and recording from
identified neurons in awake animals. The development of the
head-restrained mouse preparation made it possible to use a
variety of electrophysiological and imaging techniques with
cellular resolution in awake and behaving mice (Margrie et al.,
2002; Petersen et al., 2003; Crochet and Petersen, 2006; Crochet,
2012). The combination of these techniques with genetically
modified mouse lines, viral approaches and optogenetic tools
have begun to shed new light on cortical activities and their
correlation to behavioral states. Perhaps the most robust and
apparent feature of cortical activity in awake mice has been the
dramatic change in cortical activity when mice transition from
quiet, immobile wakefulness, to an active motor behavior. In
this article, we review our current understanding of the cellular
mechanisms underlying this state change in mice, at both local
and global levels, and the functional consequence of this state
change on cortical processing, with special emphasis on the
whisker primary somatosensory cortex.
BRAIN STATE CHANGE IN THE BARREL
CORTEX
In sharp contrast with earlier membrane potential (Vm)
recordings using sharp electrodes in awake head-restrained
1In humans, as well as in many mammals, non-REM sleep is divided into
2–4 stages depending on the dominant oscillatory activities in the EEG, from sleep
spindles (10–15 Hz), to delta (1.5–5 Hz) and slow-oscillation (0.1–1.5 Hz).
cats (Steriade et al., 2001; Timofeev et al., 2001), whole-cell
patch-clamp recordings in head-restrained mice during quiet
wakefulness (QW) have reported pronounced LF fluctuations
of the Vm of pyramidal cells in the whisker primary
somatosensory (barrel) cortex (wS1; Petersen et al., 2003).
Correlating Vm recording with behavioral quantification of the
mouse motor activity (the movement of a whisker) revealed
two distinct states in the mouse barrel cortex: during quiescent
states, in the absence of whisker movements, large amplitude
(10–20 mV) LF (<10 Hz) fluctuations dominates the Vm
of layer 2/3 pyramidal cells, whereas during active whisker
movements (whisking), the large and slow Vm fluctuations
are replaced by smaller amplitude and faster fluctuations
(Figure 1A); the pyramidal neurons depolarize slightly, without
an overall change in firing rate at the population level
(some neurons increase while others decrease their firing rate;
Crochet and Petersen, 2006; Poulet and Petersen, 2008; de
Kock and Sakmann, 2009; Crochet et al., 2011; Reimer et al.,
2014).
While the first whole-cell recordings were performed blindly
allowing only for post hoc cell identification, the combination
of whole-cell recordings with in vivo two-photon microscopy
made it possible to target recordings to specific cell populations
identified either genetically using fluorescent protein expression,
or by their projection targets using retrograde fluorescent
labeling (Margrie et al., 2003; Komai et al., 2006). These
approaches have shown cell type specific changes in activity
during different cortical states. For example, among the layer
2/3 pyramidal neurons, those projecting to the whisker primary
motor cortex (wM1) exhibit larger slow Vm fluctuations
during QW and therefore a more pronounced change in
subthreshold activity during transition from quiet to active
wakefulness (AW) compared to the neurons that project to the
secondary somatosensory cortex (wS2; Yamashita et al., 2013).
The activity of genetically identified GABAergic interneurons
in the layer 2/3 of the barrel cortex shows a profound
reorganization during state change (Figures 1B,C). Fast-spiking
(FS) interneurons [presumably expressing parvalbumin (PV)],
as well as non-fast spiking interneurons (presumably expressing
the 5HT3R serotonergic receptor) show large and slow Vm
fluctuations during QW, and pronounced state change during
AW, with a strong decrease in the slow fluctuations of the
Vm (Gentet et al., 2010). The FS interneurons fire at high
frequency during QW and decrease their firing rates during
AW, whereas the non-fast spiking interneurons fire at lower
rate during QW but depolarize and increase firing rate during
active behavior (Gentet et al., 2010). An important subclass of
non-fast spiking interneurons, expressing vasointestinal peptide
(VIP; Gentet, 2012; Tremblay et al., 2016), have been found
to markedly increase activity during locomotor activity in the
mouse barrel cortex (Lee et al., 2013; Muñoz et al., 2017).
In contrast to the other interneuron subtypes, the Layer
2/3 somatostatin (SOM) expressing interneurons display only
small slow Vm fluctuations during QW that tend to be out
of phase with the other cortical neurons (Gentet et al., 2012;
Pala and Petersen, 2018). During AW, they show little change
in the slow Vm fluctuations but they hyperpolarize and stop
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FIGURE 1 | State change during whisking in the mouse barrel cortex. (A) Example simultaneous recording of the membrane potential (Vm) of a layer 2/3 pyramidal
neuron (Black trace) and local field potential (LFP; Blue trace, shows reversed polarity). The green trace shows the angular position of the contralateral whisker
extracted from high-speed video filming (Top images). Adapted from Poulet and Petersen (2008) with permission from Springer Nature. (B) Example Vm recordings
from layer 2/3 neurons in the barrel cortex of awake mice during transition from quiet wakefulness (QW) to whisking (whisker angle, green). From left to right: an
excitatory neuron (black); a fast-spiking (FS) GABAergic interneuron (red); a non-FS (NFS) GABAergic interneuron (blue); and a somatostatin (SOM) expressing
GABAergic interneuron (orange). Adapted from Gentet et al. (2010) with permission from Elsevier and Gentet et al. (2012) with permission from Springer Nature.
(C) Left, schematic representation of a simplified local circuit in layer 2/3 barrel cortex. Vasointestinal peptide (VIP) expressing interneurons inhibit parvalbumin (PV)
and SOM expressing interneurons. PV interneurons provide perisomatic inhibition onto excitatory pyramidal (PYR) cells, whereas SOM interneurons target
preferentially their apical dendrites in layer 1. Right, table summarizing the main effects of the transition from quiet to active wakefulness (AW) on different cell types of
the layer 2/3 in the barrel cortex: 1–5 Hz Vm fluctuations; Vm standard deviation (SD); mean Vm; and mean firing rate.
firing (Gentet et al., 2012; Lee et al., 2013; Muñoz et al.,
2017; Pala and Petersen, 2018). The hyperpolarization of layer
2/3 SOM interneurons during active behaviors most likely
originates from GABAergic inputs from VIP interneurons (Lee
et al., 2013; Pfeffer et al., 2013; Pi et al., 2013; Muñoz et al.,
2017) and can lead to a disinhibition of pyramidal neuron
apical dendrites (Figure 1C; Gentet et al., 2012). While less
is known about cell-type specific activity in deeper cortical
layers, the modulation of neuronal activity by locomotor activity
appears to vary substantially across layers. In layers 4 and 5,
AW is associated with an overall increase in spike rate in
excitatory pyramidal neurons (de Kock and Sakmann, 2009; Yu
et al., 2016). In contrast to L2/3, SOM and FS (presumably
PV) interneurons in layer 4 increase their activity during
active movements, and show both increase and decrease in
deeper layers (Yu et al., 2016; Muñoz et al., 2017). Thus,
the transition between quiet and AW is accompanied by a
rapid transition in the activity of the somatosensory cortex.
The most striking effect is a strong reduction of the LF,
high-amplitude fluctuations of Vm that results in a strong
reduction of the variability of the subthreshold neuronal activity.
In addition, a major functional reorganization of the inhibitory
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interneuron network takes place that may strongly impact
cortical processing.
BRAIN STATES IN OTHER CORTICAL
AREAS
A similar change in activity during the transition from quiet
to active behaviors has also been reported in other cortical
areas. In the forepaw region of S1, both supragranular (layer
2/3) and infragranular (layer 5) pyramidal cells show a strong
suppression of LF Vm fluctuations and a depolarization of the
mean Vm, but only infragranular cells increase their firing rates
(Zhao et al., 2016). In the wM1, an area strongly synaptically
interconnected with wS1 (Aronoff et al., 2010; Mao et al., 2011;
Kinnischtzke et al., 2014; Zingg et al., 2014; Sreenivasan et al.,
2016; Yamashita et al., 2018), a transition from large and slow
fluctuations to small and fast fluctuations has been observed both
with local field potential (LFP) and Vm recordings (Figure 2A;
Zagha et al., 2013; Sreenivasan et al., 2016; Fernandez et al.,
2017). Interestingly, the mean firing rate of excitatory neurons
shows only a transient increase in infragranular layers, and a
suppression in superficial layers (Sreenivasan et al., 2016). In
FIGURE 2 | State change during AW across cortical areas. (A) State change during whisking (whisker angular position in green) observed in a layer 2/3 (top, red) and
in a layer 5 (bottom, blue) pyramidal neuron recorded in the whisker primary motor cortex (M1) of awake head-fixed mice. Adapted from Sreenivasan et al. (2016)
with permission from Elsevier. (B) Vm recording in the Au1 of a freely moving mouse reveal state change during locomotor activity (movement, red). From Schneider
et al. (2014) with permission from Springer Nature. (C) Vm recording in the primary visual cortex (V1) of a head-fixed mouse shows similar state change during
locomotion. From Polack et al. (2013) with permission from Springer Nature. (D) Left, examples multisite LFP recordings during QW and AW in head-fixed mice. The
nuchal electromyogram (EMG, green traces) is used to monitor the overall motor activity. In the top example, LFPs were recorded from the dorsal CA1 region of the
hippocampus (dCA1), the medial prefrontal cortex (mPFC), the M1, the secondary (S2) and primary (S1) somatosensory cortices. In the bottom example, LFPs were
recorded from dCA1, mPFC, the parietal associative area (PtA), the V1, auditory (Au1) and somatosensory (S1) cortices. Right, the spectral analysis of the LFPs
shows a general decrease in LF (1–10 Hz) activity during AW (green) compared to QW (black). Adapted from Fernandez et al. (2017) with permission from Oxford
University Press.
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freely moving rats, extracellular recordings from infragranular
layers have shown an overall, weak, reduction of the mean spike
rate of wM1 neurons during whisking, with only a minority of
neurons increasing activity (Ebbesen et al., 2017). In forelimb
M1, similar changes in cortical state are observed as mice go
from stationary to running that strongly affect the subthreshold
activity in both L2/3 and L5—with a pronounced decrease in
LF Vm fluctuations—but have various effects on the firing
rate—with both enhanced and suppressed neurons intermingled
in L5A and B and almost no effect on the spike rates of
L2/3 neurons (Schiemann et al., 2015). Thus, somatosensory
and associated motor areas show similar overall patterns of
state change (Figure 2D; Zagha et al., 2013; Fernandez et al.,
2017).
Changes in spontaneous cortical activity correlated with
behavior has also been reported in other sensory cortices,
including primary auditory cortex (Au1) and primary visual
cortex (V1; Figures 2B–D). A common feature of the state
change across cortical areas is the decrease in LF Vm fluctuations
during movement resulting in a reduced variance [or standard
deviation (SD)] of the Vm in pyramidal neurons (Bennett
et al., 2013; Polack et al., 2013; Reimer et al., 2014; Schneider
et al., 2014; Zhou et al., 2014; Neske and McCormick, 2018).
Excitatory neurons in V1 tend to depolarize during AW
(Bennett et al., 2013; Polack et al., 2013; Reimer et al.,
2014; Neske and McCormick, 2018) but various effects have
been reported on firing rate (Bennett et al., 2013; Polack
et al., 2013; Erisken et al., 2014; Vinck et al., 2015; Dipoppa
et al., 2018; Neske and McCormick, 2018). In Au1, both
a net depolarization and a net hyperpolarization of layer
2/3 excitatory neurons have been found but accompanied overall
by a decrease in firing rate2 (Schneider et al., 2014; Zhou
et al., 2014). As in wS1, VIP interneurons in V1 depolarize
and show an increased firing rate during locomotion (Fu
et al., 2014; Reimer et al., 2014; Pakan et al., 2016; Dipoppa
et al., 2018). Variable effects on the mean Vm and spike
rates have been observed for PV and SOM interneurons
in V1 (Polack et al., 2013; Fu et al., 2014; Vinck et al.,
2015; Pakan et al., 2016; Dipoppa et al., 2018) and Au1
(Schneider et al., 2014; Zhou et al., 2014). Part of these
discrepancies might be ascribed to layer specificities (Dipoppa
et al., 2018) or behavioral context (Pakan et al., 2016).
Altogether, it appears that locomotor activity drives a global
state change across widespread cortical areas (Fernandez et al.,
2017; Shimaoka et al., 2018). In most cortical areas, this
state change is associated with a marked decrease in LF,
large amplitude subthreshold activity whereas HF activities
are preserved or increased, resulting in a global cortical
activation. However, because LF activity during QW is more
pronounced in somatosensory and motor areas, the contrast
in cortical activity observed between quiet and AW is
2In pyramidal cells, the state change often leads to an apparent contradictory effect
with a more depolarized mean Vm but a decrease in firing rate. The explanation
comes from the decrease in the amplitude of the fluctuations of the Vm (the SD
of the Vm) that accompanied the mean depolarization. As the result, although the
Vm is sitting closer to the threshold for spike initiation it is in fact less likely to
cross it.
especially clear in those areas (Figure 2D; Fernandez et al.,
2017).
MULTIPLE BRAIN STATES DURING
WAKEFULNESS
As we have described, splitting datasets into QW or active
motor behavior leads to a clear difference in the dynamics
of neuronal activity across the rodent cortex. However, this
simple classification does not fully represent the richness and
complexity of the cortical activity during wakefulness. The
intensity and type of movement—with different end goals and
sensory feedback—may have a different impact on cortical
activity. A recent study, for example, compared changes in
neuronal activity of pyramidal neurons in L2/3 and L5 of wS1 as
mice are immobile, during whisker movements and during
locomotion (which is always accompanied by whisking). In
agreement with previous studies, whisking alone had only minor
impact on the mean activity of pyramidal neurons, whereas
running was accompanied by an increased activity in the majority
of the neurons (Ayaz et al., 2018). Thus, locomotion has an
additional impact on cortical activity compared to whisking
alone. Future studies should investigate whether different types
of skilled movement such as reaching, or free exploration of
natural environments may also lead to behavior-specific changes
of cortical state.
Periods of cortical activation are also observed in the absence
of any overt behavior. This can be revealed by plotting the
ratio of LF over HF activity (LF/HF ratio) against the motor
activity: during high motor activity, the cortex is always in an
activated state (i.e., low LF/HF ratio) but during QW, cortical
states fluctuate between an activated and a deactivated state
(Figures 3A,B; Urbain et al., 2015; Fernandez et al., 2017).
Recent studies have pointed to a close correlation between
transient active cortical states, pupil diameter and attention or
arousal. Pupils dilate during locomotor activity (Erisken et al.,
2014; Reimer et al., 2014; Vinck et al., 2015; Shimaoka et al.,
2018), but also fluctuate during quiet, immobile wakefulness
(Figure 3C; Reimer et al., 2014; McGinley et al., 2015a; Vinck
et al., 2015). Pupil dilation is associated with a decrease
in LF Vm fluctuations in wS1 and V1, independent from
locomotor activity (Figure 3C; Reimer et al., 2014), while in
Au1, pupil dilation in the absence of locomotion is associated
with Vm depolarization (McGinley et al., 2015a). Pupil diameter
fluctuations are believed to reflect change in the activity of the
noradrenergic neurons in the locus coeruleus (Joshi et al., 2016;
Binda and Gamlin, 2017) and are correlated with an increased
activity in cholinergic and noradrenergic axons in sensory
cortices (V1 and Au1; Reimer et al., 2016). Thus, pupil dilation
is well correlated to periods of cortical activation in the absence
of motor activity that could reflect arousal or attention driven
by ascending neuromodulators and distinct from locomotor
activity.
Cortical activity is often seen to fluctuate between different
states at a cortex wide scale. Recent studies investigating the
fluctuations in neuronal activity across cortical regions in awake
mice during spontaneous behaviors or execution of a sensory
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FIGURE 3 | Multiple cortical states during wakefulness. (A) Cortical
activation/deactivation can occur independently across cortical areas.
Example simultaneous LFP recordings (z-scored) from S1, S2, V1 and PtA.
The ratio between the low-frequency (LF; 1–10 Hz) and high-frequency (HF;
30–90 Hz) activity of the LFP can be used to assess the level of cortical
activation. The LF/HF ratio from the depicted LFPs (Bottom) indicates periods
of deactivation in S1 and S2 while PtA and V1 are in an activated state (blue
arrowhead) and periods of deactivation in V1 and PtA while S1 and S2 are
activated (red arrow heads). Adapted from Fernandez et al. (2017) with
permission from Oxford University Press. (B) Plotting the LF/HF ratio against
the motor activity (EMG) reveals cortical state fluctuations during QW (low
EMG activity). Examples from recordings in the primary (S1, Left) and
secondary (S2, Right) somatosensory cortices of an awake mouse. While
cortical activation largely dominates during high motor activity, both
deactivated and activated (arrowhead) states can be observed during periods
of QW. Adapted from Fernandez et al. (2017) with permission from Oxford
University Press. (C) Pupil diameter fluctuates during wakefulness. Top, Pupils
dilate during locomotion but pupil dilations are also observed during QW in the
absence of locomotor activity. Bottom, Pupil dilation is associated to cortical
activation. Left, example Vm recording in the V1 of an awake mouse together
with the monitoring of the pupil diameter (top trace). The amplitude of the LF
Vm fluctuations is shown below (2–10 Hz Hilbert amplitude). Right, mean
amplitude of the LF Vm fluctuations plotted as function to the phase of the
pupil diameter. Note the low amplitude of the LF fluctuations during the
dilating phase compared to the constricting phase. Olive, recordings from
wS1; blue, recordings from V1; mauve, recordings from V1 in FVB mice.
Adapted from Reimer et al. (2014) with permission from Elsevier.
decision-making task, have found that most of the brain-wide
fluctuations could be explained by arousal and motor activity
(Musall et al., 2018; Stringer et al., 2018). However, simultaneous
recordings of cortical activities from several cortical areas using
multisite LFP recordings in awake mice or rats have also
revealed that cortical activation or deactivation can occur locally,
especially during QW (Vyazovskiy et al., 2011; Fernandez et al.,
2017). For instance, short periods of high-amplitude, LF activity
can be recorded in V1 while wS1 is activated and vice-versa
(Figure 3A). Correlating the cortical state (LF/HF) across
areas revealed a functional organization, with highly correlated
state fluctuations in functionally-linked cortical regions (e.g
somatosensory and motor or visual, auditory and parietal areas;
Fernandez et al., 2017). Thus, although cortical states can
be globally regulated reflecting overall arousal or locomotor
activity, finer, more local, state regulation occurs potentially
reflecting attentional shifts to different sensory or motor systems.
Interestingly, similar local regulation of cortical activity has been
observed during non-REM sleep (Huber et al., 2004; Nir et al.,
2011).
CELLULAR MECHANISMS CONTROLLING
CORTICAL STATES
Cortical neurons are primarily innervated by other local cortical
neurons and it is established that cortico-cortical connectivity is
critical for the generation of slow spontaneous cortical activity
during sleep or anesthesia (Sanchez-Vives and McCormick,
2000; Timofeev et al., 2000; Beltramo et al., 2013). However,
direct inputs from other cortical areas or subcortical structures
also contribute markedly to the generation and modulation of
cortical activities and in this section, we will discuss the relative
contribution of three main external inputs to the barrel cortex
in controlling the state change associated to locomotor activity:
(1) glutamatergic inputs from the thalamus; (2) cholinergic
inputs from the basal forebrain; and (3) top-down glutamatergic
inputs from motor cortex (Figure 4A). Finally, we examine the
control of cortical states by brainstem nuclei that do not directly
project to neocortex.
One of the densest external, non-cortical, innervation of
the barrel cortex comes from the thalamus. Thalamocortical
neurons are glutamatergic and therefore provide an important
excitatory drive to the cortex. Two major thalamic nuclei project
to the barrel cortex, the ventral posteromedial nucleus (VPM)
and the posteromedial nucleus (POm; Diamond et al., 2008;
Wimmer et al., 2010; Bosman et al., 2011). The VPM relays
sensory information from the vibrissa through the brainstem in a
highly specific manner that conserves the spatial organization of
the vibrissa. The POm also receives tactile sensory information
via the brainstem but in addition, it receives broad and
strong cortical inputs and single POm neurons innervate broad
cortical regions. It is therefore considered to be a ‘‘higher-
order’’ thalamic nucleus (Feldmeyer et al., 2013; Groh et al.,
2014; Jouhanneau et al., 2014; Sherman, 2016). The activity
of thalamocortical neurons in the VPM and POm is highly
correlated to cortical activation (Figure 4B). These neurons
are tonically active during wakefulness and increase their firing
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FIGURE 4 | Cellular mechanisms of the state change in the barrel cortex. (A) The whisker primary somatosensory cortex (wS1) receives three main inputs coming
from the thalamus, the cholinergic neurons in the basal forebrain and the whisker M1 (wM1). (B) Thalamic and cholinergic inputs increase activity during whisking.
Top, example single-unit recording from a thalamic neuron (Thalamus APs, black) together with LFP recording in wS1 (Cortex LFP, blue, reversed polarity) and
monitoring of the whisker position (Whisker angle, green). Adapted from Poulet et al. (2012) with permission from Springer Nature. Bottom, example 2-photon
calcium imaging (GCaMP) of cholinergic axons in wS1. Adapted from Eggermann et al. (2014) with permission from Elsevier. (C) Both thalamic and cholinergic inputs
contribute to the state change in wS1 during whisking. Top, example control recording of Vm in wS1 during quiet and whisking periods. Middle, example recording in
wS1 following pharmacological inactivation of the thalamus. Bottom, example recording in wS1 following inactivation of the thalamus and local blockade of the
cholinergic receptors. Note that the simultaneous blockade of the thalamic and cholinergic inputs abolishes the state change during whisking in wS1. Top and middle
panels are adapted from Poulet et al. (2012) with permission from Springer Nature; Bottom panel is adapted from Eggermann et al. (2014) with permission from
Elsevier.
rate during motor activity (Poulet et al., 2012; Urbain et al.,
2015; Yu et al., 2016). Interestingly, in the whisker system,
the activity of VPM neurons seems to be more correlated to
whisker movements, whereas POm neurons increase firing rates
during cortical activation even in the absence of overt motor
activity (Urbain et al., 2015). A blockage of thalamocortical
inputs leads a pronounced increase in the slow Vm fluctuations
in wS1 during QW, with clear Up and Down states resembling
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those observed under anesthesia. Surprisingly, in mice with
thalamus inactivated, there is a complete shut-down of cortical
activity in wS1 during AW, similar to a prolonged Down state
(Figure 4C). Moreover, optogenetic activation of thalamocortical
neurons leads to strong cortical activation in wS1 even in
the absence of any whisker movements (Poulet et al., 2012).
Together these data suggest that the thalamic excitatory drive
is responsible for the depolarization and HF Vm activity
in wS1 neurons during cortical activation. But what causes
the prolonged Down states during movement after thalamic
inactivation?
The barrel cortex is densely innervated by non-glutamatergic
neuromodulatory systems releasing acetylcholine, noradrenaline,
serotonin or histamine. These ascending neuromodulatory
systems are more active during wakefulness and reduce or
stop firing during sleep (Lin, 2000; Jones, 2005). Among
them, the cholinergic system arising from the basal forebrain
seems to play an important role in maintaining arousal and
attention and has been heavily studied in the context of
cortical activation during wakefulness (Buzsaki et al., 1988;
Metherate et al., 1992; Pinto et al., 2013; Záborszky et al.,
2018). Recently, functional calcium imaging showed an increase
in cholinergic neuron activity during AW compared to QW
(Figure 4B; Eggermann et al., 2014; Harrison et al., 2016).
Moreover, optogenetic activation of cholinergic neurons during
thalamic inactivation reproduces the state change observed
during AW, i.e., the suppression of cortical activity. This
effect is blocked by the local pharmacological blockage of
cholinergic receptors in wS1. Simultaneous local blockage of
cholinergic receptors in wS1 together with thalamic inactivation
completely abolishes the state change observed in wS1 during
AW (Figure 4C; Eggermann et al., 2014). A similar cholinergic
suppression of cortical activity is also observed in anesthetized
mice (Meir et al., 2018). Thus, in wS1, cholinergic inputs are
responsible for the abolition of the slow Vm fluctuations, whereas
thalamic inputs drive the depolarization and fast Vm fluctuations
during AW.
Acetylcholine acts on cortical neurons through the activation
of nicotinic and muscarinic receptors, both located at presynaptic
and postsynaptic sites. Direct postsynaptic nicotinic excitatory
responses have been reported in some deep layer pyramidal
neurons in wS1 (Hedrick and Waters, 2015) as well as
in VIP interneurons (Arroyo et al., 2012; Fu et al., 2014;
Pronneke et al., 2018). Activation of nicotinic receptors
can facilitate thalamocortical transmission (Gil et al., 1997;
Oldford and Castro-Alamancos, 2003; Kruglikov and Rudy,
2008), therefore potentially increasing the impact of external
sensory inputs. Nicotinic receptors has been shown recently
to facilitate glutamatergic transmission between Pyramidal
and SOM interneurons, potentially increasing the recruitment
of SOM interneurons by pyramidal cells (Urban-Ciecko
et al., 2018). Muscarinic receptors can produce both slow
postsynaptic excitatory or inhibitory responses depending on
the receptor subtype. For example, acetylcholine exerts an
excitatory muscarinic effect onto SOM interneurons (Chen et al.,
2015; Muñoz et al., 2017) and an inhibitory muscarinic effect
onto L4 excitatory neurons (Eggermann and Feldmeyer, 2009;
Dasgupta et al., 2018). Muscarinic receptors can also reduce
cortico-cortical interactions by depressing glutamatergic cortico-
cortical synaptic transmission (Gil et al., 1997; Hsieh et al.,
2000; Eggermann and Feldmeyer, 2009). A decrease in leak
or voltage-activated potassium conductances in pyramidal cells
could also contribute to the suppression of the slow cortical
activity by acetylcholine, although it would be expected to
maintain cortical neurons in a prolonged Up state rather
than in Down state (McCormick and Williamson, 1989;
Sanchez-Vives and McCormick, 2000; Compte et al., 2003).
Acetylcholine release during AW could therefore have multiple
effects, leading to the disinhibition of the apical dendrites of
pyramidal cells through nicotinic activation of VIP interneurons
in superficial layers; leading to direct muscarinic inhibition of
L4 cells and indirect inhibition of deep pyramidal neurons
through muscarinic excitation of SOM interneurons; and
suppressing cortico-cortical interaction through presynaptic
muscarinic receptors while enhancing thalamocortical inputs
through presynaptic nicotinic receptors (Gil et al., 1997; Disney
et al., 2007). There is good evidence that recurrent slow
cortical activities are cortically generated and rely strongly
upon cortico-cortical synaptic interaction (Sanchez-Vives and
McCormick, 2000; Timofeev et al., 2000; Poulet et al., 2012)
as well as the activity of a subset of pyramidal neurons
in infragranular layer (Sakata and Harris, 2009; Beltramo
et al., 2013; Zhao et al., 2016). It is thus possible that
the main action of acetylcholine in the state change is to
abolish the slow spontaneous cortical activity by the depression
of cortico-cortical synaptic transmission and/or inhibition
of pyramidal neurons through the activation of muscarinic
receptors (Eggermann and Feldmeyer, 2009; Favero et al., 2012;
Eggermann et al., 2014; Dasgupta et al., 2018; Meir et al., 2018).
The exact cellular and subcellular mechanisms of action of
acetylcholine in the regulation of cortical states remain to be
determined.
The barrel cortex receives also strong excitatory synaptic
inputs from two other cortical areas, the secondary whisker
somatosensory cortex (wS2) and the wM1 (Aronoff et al., 2010;
Zingg et al., 2014). The wM1 is involved in the control of whisker
movements (Haiss and Schwarz, 2005; Matyas et al., 2010; Hill
et al., 2011; Sreenivasan et al., 2016; Ebbesen et al., 2017). It has
been suggested that wM1 sends a copy of the descending motor
command to wS1 and this signal could play a role in the state
change in wS1 during whisker movements (Zagha et al., 2013).
At the initiation of whisker movements, some L5 wM1 neurons
increase activity and may increase further during locomotion
or when engaged in a task (Petreanu et al., 2012; Sreenivasan
et al., 2016). Optogenetic stimulation of wM1 evokes cortical
activation in wS1 in the absence of whisker movement, and
pharmacological inhibition of wM1 increases LF activity in
wS1 during both quiet and AW, though it does not abolish
the state change during active behavior (Zagha et al., 2013).
The cellular pathway from wM1 activity to wS1 state change is
not completely clear as axons from wM1 target many different
subtypes of neurons in the superficial layers of wS1, including
excitatory pyramidal cells, PV, SOM and VIP interneurons.
However, it is known that the VIP interneurons, in particular,
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receive a strong drive from wM1 and in turn inhibit SOM
interneurons leading to disinhibition of pyramidal cells (Lee
et al., 2013).
In other cortical areas, the mechanisms of locomotor induced
state change have been less studied. Increase in thalamic
activity as well as involvement of cortical cholinergic inputs
likely also participate in state change in V1 (Bennett et al.,
2013; Erisken et al., 2014; Fu et al., 2014; Chen et al., 2015;
Reimer et al., 2016). The involvement of the thalamic drive
in Au1 is debated (Zhou et al., 2014) but cholinergic inputs
as well as top-down input from secondary motor cortex (M2)
may play a stronger role (Schneider et al., 2014; Nelson and
Mooney, 2016; Reimer et al., 2016). Overall, neurons in the
central/dorsal medial thalamic nuclei could play an important
role in initiating and maintaining general cortical arousal (Gent
et al., 2018; Mátyás et al., 2018). Other sources of modulatory
inputs including noradrenergic inputs from the brainstem
(Constantinople and Bruno, 2011; Polack et al., 2013; Fazlali
et al., 2016; Reimer et al., 2016) or top-down inputs from higher-
cortical areas (Zhang et al., 2014) also alter cortical activity
and it is likely that multiple parallel pathways contribute to
cortical activation with different involvement depending on the
behavioral state (i.e., cortical activation during QW, whisking,
locomotion) or context (spontaneous behavior vs. engagement
in a task).
Recent studies have also pointed to possible circuits involved
in the control of cortical states at a more local level. The
cholinergic neurons from the basal forebrain innervate specific
regions of the neocortex with little overlap—i.e., the cholinergic
neurons that send axons to somatosensory cortex are not the
same as the ones that project to the visual or the auditory
cortex. Thus, cholinergic neurons can control regional cortical
activation in a modality-selective manner (Zaborszky et al.,
2015; Kim et al., 2016; Záborszky et al., 2018). Another
circuit that could control cortical states locally comes from
the thalamic reticular nucleus (nRT). The nRT is composed of
GABAergic neurons that exert a strong inhibitory control onto
thalamocortical neurons and is a key player in the control of the
thalamo-cortical loop (Pinault, 2004; Fuentealba and Steriade,
2005). It has been shown recently that the nRT could play an
important role in controlling cortical activation during arousal
(Herrera et al., 2016). Importantly, localized activation of a
small region of the nRT can produce local cortical deactivation
(Lewis et al., 2015). These results are in line with the local
state changes observed in the cortex of awake rats or mice
(Vyazovskiy et al., 2011; Fernandez et al., 2017) and suggest
that cortical states can be modulated both at a global and local
level.
Thus, various cortical and subcortical structures that
innervate S1 can trigger cortical state changes, but where
is the earliest signature of activity in the brain that could
possibly initiate the change in cortical state? Classical recording
and stimulation studies identified brainstem nuclei as major
drivers of cortical state both via direct cortical projections
and indirect activation of subcortical nuclei. For example, the
cholinergic neurons of the pedunculopontine tegmental nucleus
and laterodorsal tegmental nucleus (PPT/LdT) are more active
during states of vigilance characterized by cortical activation
(wakefulness and paradoxical sleep; Sakai, 2012; Boucetta et al.,
2014) and electrical stimulation of PPT and LdT can evoke
strong cortical activation with suppression of slow-cortical
activities (Steriade et al., 1993a). These neurons do not project
directly to the cortex but densely innervate and activate different
thalamic nuclei (Hirata and Castro-Alamancos, 2010), as well
as histaminergic neurons in the posterior hypothalamus and
cholinergic cells in the basal forebrain (Lin, 2000; Jones,
2005). In the same region, the noradrenergic neurons of the
locus coeruleus display also tonic changes in neuronal activity
correlated to the current state of vigilance, with highest activity
during wakefulness (Jones, 2005). Moreover, these neurons
show strong phasic activity in response to salient sensory
stimuli (Aston-Jones and Cohen, 2005). These neurons provide
a direct, widespread innervation of the neocortex and their
activation can also generate broad cortical activation (Steriade
et al., 1993a; Kim et al., 2016). Other neuronal populations in
the brainstem might also be responsible for the initiation of
spontaneous locomotor activity (Lee et al., 2014). Moreover,
cortical state changes could be initiated indirectly via top-down
inputs originating in the cortex. The medial prefrontal cortex
(mPFC), for example, projects both to cholinergic neurons in
the basal forebrain that innervate the neocortex (Golmayo et al.,
2003; Vertes, 2004) and to the nRT (Wimmer et al., 2015;
Phillips et al., 2016). Thus, most likely, a number of sources can
initiate global and/or local cortical state changes. Future work
should examine animals under many behavioral conditions to
test the hypothesis that dedicated circuits are used under specific
behavioral demands.
LOCAL AND LONG-RANGE SYNCHRONY
An important aspect of brain activity for the encoding of
information is the level of synchrony between neurons or
population of neurons. Neuronal synchrony is thought to have
important impact on neuronal processing at different spatial
scales (Engel et al., 2001; Averbeck et al., 2006; Smith and
Kohn, 2008). Local synchronization between small neuronal
populations may allow for the formation of functional neuronal
ensembles coding for similar aspect of a stimulus (Smith
and Kohn, 2008; Ko et al., 2011). On the other hand, local
desynchronization may enhance the information content of
neuronal population activity (Beaman et al., 2017). At larger
scale, long-range interareal synchronization between brain
regions may underlie functional coupling of areas co-engaged in
a given cognitive task (Engel and Singer, 2001; Varela et al., 2001;
Buzsáki and Draguhn, 2004; Melloni et al., 2007).
Neuronal synchrony is highly dynamic and is strongly
affected by brain states (Harris and Thiele, 2011). During QW,
the slow, high-amplitude Vm fluctuations of nearby excitatory
cortical neurons are highly synchronous, both within the same
layer (Figures 5A,B; Poulet and Petersen, 2008; Gentet et al.,
2010; Arroyo et al., 2018) and across layers with deeper layer
neurons depolarizing before superficial neurons in the same
column (Zhao et al., 2016). Vm fluctuations are also highly
synchronized between pairs of inhibitory interneurons and
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FIGURE 5 | Local and long-range synchrony. (A) Neuronal synchrony can be assessed by the cross-correlation of the Vm of simultaneously recorded neurons in
wS1. Adapted from Poulet and Petersen (2008) with permission from Springer Nature. (B) Motor activity (whisking) decreases the synchronization between nearby
neurons. From left to right, mean Vm cross-correlations during QW (black) and whisking (green): between L2/3 excitatory (PYR) neurons; between PYR and
GABAergic interneurons (INTs); between INTs; and between PYR and SOM expressing interneurons (SOM) during QW only. Note the antiphase-correlation of the Vm
between SOM and PYR. Adapted from Gentet et al. (2010) with permission from Elsevier and Gentet et al. (2012) with permission from Springer Nature.
(C) Long-range synchrony can be assessed by the measurement of the coherence between LFPs recorded simultaneously from different cortical areas. Left, the
interareal coherence is overall maximal in the LF range during AW and is strongly reduced during non-rapid eye movement (NREM) sleep in awake and naturally
sleeping mice. Middle, change in coherence in the LF (0.5–10 Hz) range relative to AW across areas reveals three groups of cortical areas: areas showing a
maintenance of, or an increase in, the coherence during NREM sleep compared to QW (red); areas showing the strongest decrease of coherence between QW and
NREM sleep (yellow) and areas showing the strongest decrease from AW to QW (gray). Right, change in coherence in the LF range reveals a functional organization
of the cortical areas: somatosensory and motor areas that are directly synaptically connected maintain a high coherence during NREM sleep; the other areas
maintain coherence throughout wakefulness but not during NREM sleep; the coherence between the two groups drops already during QW compared to AW.
Adapted from Fernandez et al. (2017) with permission from Oxford University Press.
between excitatory cells and most interneurons, except for
the SOM interneurons (Figure 5B; Gentet et al., 2010, 2012).
This LF activity is also well synchronized across more distant
cortical areas. The interareal coherence is high during QW
and shows two prominent peaks in the delta (1–4 Hz) and
Theta (4–10 Hz) frequency bands (Figure 5C; Fernandez et al.,
2017). The long-range synchronization of cortical activity in the
LF band—in particular in the delta band—during QW could
reflect the coupling between the respiration and cortical activity,
that appears to be particularly prominent in the ventral and
mPFC and hippocampus (Nguyen Chi et al., 2016; Biskamp
et al., 2017; Karalis and Sirota, 2018; Ko˝szeghy et al., 2018),
but also extend to sensory areas (Ito et al., 2014; Rojas-Líbano
et al., 2018) and could synchronize brain rhythms more globally
(Karalis and Sirota, 2018; Rojas-Líbano et al., 2018; Tort et al.,
2018). It should be noted however that although the local
neuronal activity is highly correlated during high-amplitude,
LF cortical activities, this is not always the case for long-range
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interactions. Indeed, during non-REM sleep, cortical LF activity
increases throughout the cortex—especially the slow and delta-
oscillations (0.5–5 Hz)—but the interareal coherence is overall
strongly decreased in the LF band (Figure 5C; Fernandez
et al., 2017). This is in contrast with the highly-synchronized
slow-oscillation observed across cortical areas under anesthesia
(Amzica and Steriade, 1995; Isomura et al., 2006; Volgushev
et al., 2006; Busche et al., 2015) but is consistent with a more
regional slow-wave activity (Chauvette et al., 2011; Nir et al.,
2011; Busche et al., 2015) and a decrease in cortical functional
connectivity during non-REM sleep (Massimini et al., 2005;
Olcese et al., 2016; Fernandez et al., 2017). Nevertheless, highly
synchronous slow-wave activity can occur during non-REM
sleep between directly connected cortical areas (Miyamoto et al.,
2016; Fernandez et al., 2017) or in other frequency bands (Le
Van Quyen et al., 2016) that could play an important role in
memory formation (Le Van Quyen et al., 2016; Miyamoto et al.,
2016). Thus, the LF cortical activity observed during QW forms a
very different local and global spatiotemporal pattern of neuronal
synchrony compared to the slow-oscillation that characterizes
non-REM sleep.
During AW, cortical activation is associated with a decrease in
local neuronal synchrony. In the primary somatosensory cortex
of awake mice, Vm fluctuations are less correlated between
nearby excitatory and inhibitory neurons than during QW
(Figures 5A,B; Poulet and Petersen, 2008; Gentet et al., 2010;
Zhao et al., 2016). Similarly, locomotion has been found to
decrease pairwise neuronal correlation in the mouse visual cortex
(Erisken et al., 2014; Arroyo et al., 2018). However, despite a
reduction in local Vm synchrony during movement, multisite
LFP recordings have shown that the interareal coherence in
the LF band increases during AW compared to QW, despite
an overall decrease in the power in the LF band (Figure 5C;
Fernandez et al., 2017). Interareal Vm coherence needs further
investigation, however the ‘‘functional connectivity’’ of neurons
in different cortical areas, as measured by the level of correlation
of action potential timing between two neurons, also shows an
overall maintenance during AW compared to QW, in sharp
contrast with the overall decrease observed during non-REM
sleep (Olcese et al., 2016). Long-range interareal coherence can
even be further increased temporally when an animal is engaged
in a task. In rats performing a whisker tactile discrimination
task, high coherence in the theta band was found between
wS1 and the dorsal hippocampus as the animal whisked to
approach and palpate the texture to be discriminated (Grion
et al., 2016). Thus, despite the fact that AW is characterized by
global cortical activation and local neuronal desynchronization,
long-range synchronization in the low- and gamma-frequency
bands seems to correlate with high arousal and attentional state.
Additional studies should investigate further how long-range
synchronization is affected when animals are engaged in a task.
IMPACT OF CORTICAL STATES ON
SENSORY PROCESSING
Brain states are tightly correlated to the level of vigilance or
attention and have a strong impact on sensory processing.
Sensory processing also occurs in different behavioral contexts,
with sensory stimuli that can be sensed passively during
immobile behaviors or actively gathered by moving the sensors
during exploratory behaviors. Moreover, certain behavioral
conditions require acute attendance to behaviorally relevant
sensory stimuli, whereas in other behaviorally conditions,
the same stimuli might be ignored. Sensory processing is
thus highly dependent on behavioral and motivational states
as well as context and past experience. As discussed in
the previous paragraphs, the strongest and most ubiquitous
effect of cortical activation in sensory areas—whether it is
induced by motor activity or some attentional process—is
to suppress large amplitude, slow Vm fluctuations. One of
the first and most obvious effects of cortical activation is
therefore to reduce the background neuronal fluctuations
that interfere with sensory driven activity. As a consequence,
cortical activation often results in an increased reliability of the
sensory evoked neuronal responses—i.e., decreased variability
of the evoked response across trials—and increased signal
to noise ratio (SNR; Hirata and Castro-Alamancos, 2011;
Bennett et al., 2013; Polack et al., 2013; Zhou et al., 2014;
Vinck et al., 2015; Meir et al., 2018; Neske and McCormick,
2018).
State changes not only affect the endogenous cortical activity
but also the feedforward transfer of sensory information from
the thalamus to the cortex. In the somatosensory system,
during AW (or cortical activation) the cortical response evoked
by a passive stimulus decreases in amplitude (Figure 6A;
Fanselow and Nicolelis, 1999; Castro-Alamancos, 2002; Crochet
and Petersen, 2006; Ferezou et al., 2006; Zhao et al., 2016).
Moreover, cortical neurons respond with higher selectivity,
less variability and show less adaptation to repetitive stimuli
(Castro-Alamancos, 2002, 2004; Hentschke et al., 2006). Synaptic
depression of thalamocortical synapses seems to be responsible,
at least partly, for the decrease of the sensory evoked response
and decrease of the adaptation during active waking (Castro-
Alamancos and Oldford, 2002; Chung et al., 2002). As the
firing rates of thalamocortical neurons increase during AW,
sensory input is transmitted to the cortex via thalamocortical
synapses already at a steady state of synaptic depression.
Hence, the response to the first stimulus is smaller, however
subsequent stimuli presented during AW do not lead to
further synaptic depression and therefore have a lower overall
variance than during QW (Castro-Alamancos and Oldford,
2002).
The sensory evoked response is also more spatially restricted
during activated states. In anesthetized rats, cortical activation
elicited by the stimulation of the brainstem reticular formation
reduces the spreading of the sensory evoked response in wS1
(Castro-Alamancos, 2002). In awake mice, voltage sensitive dye
(VSD) imaging allows for the measurement of the sensory evoked
response throughout the dorsal cortex. When the mouse is still,
the cortical response to a brief single-whisker deflection spreads
rapidly from the principal-whisker barrel column to the wS2 and
the wM1 before sometimes invading the entire dorsal cortex.
In contrast, when the mouse is actively whisking, the response
remains mostly restricted to wS1, wS2 and to a lesser extend
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FIGURE 6 | Cortical states and sensory processing. (A) Sensory evoked
responses recorded in a freely moving rat change as function of behavioral
states. Left, example LFP recordings from wS1 during periods of NREM sleep
(sleep), QW (awake immobility) and AW (awake exploration). Electrical
stimulation of the whisker pad are applied in the different states. Right,
sensory-evoked potentials recorded in wS1 in response to the stimulation of
the whisker pad in different behavioral states. Note the decrease of the
evoked response during exploration compared to immobility. Adapted from
Castro-Alamancos (2004) with permission from Elsevier. (B) The early sensory
response in wS1 is mostly modulated by behavioral states but not by the
behavioral output. Wide field images of the activity of the dorsal cortex using
voltage sensitive dye (VSD) imaging in mice performing a whisker-based
sensory detection task. From top to bottom: average response for successful
trials (Hit) during which the mouse was not whisking before the whisker
stimulus; unsuccessful trials (Miss) during which the mouse was not whisking
before the whisker stimulus; and unsuccessful trials (Miss) during which the
mouse was whisking before the whisker stimulus. Note the strong reduction of
the early sensory evoked response, both in wS1 and wM1, when the stimulus
(Continued)
FIGURE 6 | Continued
occurs when the mouse is whisking (Prestim Whisking), whereas the early
response is very similar whether the mouse responded (Hit) or not (Miss) when
the stimulus occurs during QW (Prestim Quiet). Adapted from Kyriakatos et al.
(2017) with permission from SPIE Digital Library. (C) The sensory-evoked
response is strongly modulated by task engagement. Sensory evoked
responses are measured in the Au1 of a rat that is engaged in an
auditory-discrimination task or is passively exposed to the same auditory
stimulus. The sensory-evoked response in Au1 (Multiunit) is markedly reduced
when the rat is engaged in the task compared to passive listening. Adapted
from Otazu et al. (2009) with permission from Springer Nature.
wM1 (Ferezou et al., 2006, 2007). Together, these results suggest a
reduced, but more precise and reliable representation of sensory
input during AW.
However, the impact of motor activity on tactile sensory
processing could be more complex. In the barrel cortex,
L2/3 pyramidal neurons projecting to wS2 or wM1 are
differentially affected by the state change. During QW, the
neurons projecting to wM1 exhibit a stronger and faster
response to a brief passive stimulus than wS2 projecting neurons.
However, during whisking, the response of wM1 projecting
neurons is reduced in amplitude whereas the response of
wS2 projecting neurons is maintained. Furthermore, during
active contact with an object, wS2 projecting neurons respond
more reliably to each contact whereas the response of
wM1 projecting neurons shows strong depression across
successive contacts (Yamashita et al., 2013). Therefore, different
behavioral states appear to recruit different neuronal pathways,
with sensory signals to passive stimuli being better relayed
to wM1 during QW and sensory signals gathered through
active sensing being better relayed to wS2. The differential
recruitment of these two pathways downstream of wS1 could
have a functional relevance when rodents use their whiskers
for different purposes such as object location or texture
discrimination (Chen et al., 2013).
Interestingly, locomotor activity has different effect on
sensory processing across sensory modalities. Similar to tactile
processing, auditory evoked responses are also reduced in the
Au1 during locomotion (Schneider et al., 2014; Zhou et al.,
2014; McGinley et al., 2015a). However, in the V1, sensory
responses are enhanced during locomotion (Niell and Stryker,
2010; Ayaz et al., 2013; Bennett et al., 2013; Polack et al.,
2013; Erisken et al., 2014; Reimer et al., 2014; Vinck et al.,
2015; Dipoppa et al., 2018; Neske and McCormick, 2018).
While visual stimuli are typically longer than the brief stimuli
used in somatosensory or auditory studies, one interpretation
of this difference could be that different sensory modalities
dominate depending on the behavioral state. Immobile, QW
could be more adapted to the detection of small passive whisker
deflections (Ollerenshaw et al., 2012; Kyriakatos et al., 2017) or
sounds (McGinley et al., 2015a) to alert the animal to possible
predators. It is probably particularly important for running
rodents, on the other hand, to be particularly sensitive to
moving visual stimuli. In good agreement mice show improved
visual detection during locomotion (Bennett et al., 2013).
Therefore, rodents may prioritized vision over audition during
locomotion.
Frontiers in Systems Neuroscience | www.frontiersin.org 12 January 2019 | Volume 12 | Article 64
Poulet and Crochet Cortical States
The impact of cortical states on the perception of sensory
stimuli is a more challenging question to address. It requires
the subject under investigation to be able to report whether a
given sensory stimulus was detected during different cortical
states. Over the last decade, a major effort has been made
to design behavioral tasks for head-fixed rodents to tackle
this question. In a simple task, water-restricted head-fixed
mice report the detection of a target sensory stimulus—a
brief whisker deflection—by licking a water spout to obtain
a small drop of water as a reward (Miyashita and Feldman,
2013; Sachidhanandam et al., 2013; Yang et al., 2016). It
is then possible to compare the cortical activity for trials
in which the animal successfully reported the stimulus (Hit
trials) and trials in which the animal failed to detect the
stimulus (Miss trials). Data from wS1 recordings during this
task has shown that the early sensory evoked response is
not correlated to the subsequent performance (Hit vs. Miss)
but is strongly modulated by the motor activity (Quiet vs.
Whisking; Figure 6B; Sachidhanandam et al., 2013; Kyriakatos
et al., 2017). Moreover, the cortical state (assessed by the
spontaneous Vm fluctuations) preceding the whisker stimulus
in wS1 was found to have little impact on the detection
probability (Sachidhanandam et al., 2013). In contrast, both the
cortical state and sensory processing are strongly modulated
by task engagement, with an overall decrease in LF cortical
activity and decrease in sensory evoked subthreshold response
in mice engaged in the task compared to mice passively
exposed to the stimulus (Sachidhanandam et al., 2013). Similar
results have been found in the auditory cortex, where the
sensory evoked spiking response of rats engaged in an auditory-
discrimination task is markedly reduced compared to the
response evoked in the same rats passively listening to the same
auditory stimulus (Figure 6C; Otazu et al., 2009). Similarly, task
engagement was found to decrease the sensory evoked response
in most excitatory neurons in the mouse auditory cortex. The
effect was mediated by a cholinergic-dependent increase in
activity of layer 4 inhibitory interneurons (Kuchibhotla et al.,
2017).
In the visual cortex of rodents (Pinto et al., 2013) or
primates (Engel et al., 2016; Beaman et al., 2017), local cortical
states have been found to correlate with performance, with a
significant improvement of sensory detection or discrimination
during desynchronized local states in V1. The reason for this
difference across sensory modalities is unclear. It is possible that
local brain states have different effects on sensory perception
in different cortical areas, it could also be that the exact
statistics of the sensory stimulus makes the task more or
less sensitive to brain states—i.e., very salient sensory stimuli
that are easy to detect or discriminate are probably equally
perceived in synchronized or desynchronized states, whereas
less salient or more complex stimuli might be better perceived
in desynchronized than synchronized states (Bennett et al.,
2013; Pinto et al., 2013). Non-linear cortical processing that
selectively enhances small inputs during depolarized Vm states
may participate to the better detection of less salient, weaker
sensory stimuli in the desynchronized state (Reig et al., 2015;
Ferrarese et al., 2018). Another possible confounding factor
might be due to the interpretation of the Miss trials. They are
often assumed to be the result of a failure of perception but could
remain unreported because of a lack of motivation. Indeed, in
sensory detection tasks in rodents, Miss trials often occurs when
the animal is either very active or is disengaged from the task
(McGinley et al., 2015a; Kyriakatos et al., 2017). Obviously, the
brain states during high locomotor activity and disengagement
from the task would be very different and pooling the Miss
trials together might lead to a misconception of the impact of
brain state on sensory perception (Jacobs et al., 2018). Recent
studies using sensory decision-making tasks have pointed to an
‘‘optimal’’ brain state for sensory detection. Task performance is
higher during immobile, quiet behavior with high arousal than
during lower level of arousal or high motor activity (McGinley
et al., 2015b; de Gee et al., 2018; Neske and McCormick, 2018;
van Kempen et al., 2018). These changes in brain state can
occur spontaneously during the task or reflect overall changes
in task engagement (Ganea et al., 2018; Jacobs et al., 2018),
Moreover, they are well correlated to pupil size and could
relate partly to fluctuations in the activity of locus coeruleus
noradrenergic neurons in the brainstem (de Gee et al., 2017,
2018).
Finally, brain states and sensory processing are likely to be
modulated by other task-related parameters, such as behavioral
context and experience. Behavioral context likely defines and
enhances the processing of relevant sensory stimuli (Itskov
et al., 2012; Lee et al., 2016). Moreover, learning is thought to
enhance the processing of behaviorally relevant sensory stimuli
while suppressing responses to irrelevant stimuli (Yamashita
and Petersen, 2016; Schneider et al., 2018). Upon learning,
the sensory processing for relevant stimuli could also extend
to higher-order cortical areas, such as the mPFC and the
dorsal hippocampus (Pinto and Dan, 2015; Otis et al., 2017;
Le Merre et al., 2018). The modulation of brain states and
sensory processing by attention, engagement or learning could
rely on the tonic and phasic release of acetylcholine and/or
noradrenaline that could signal shift in attention, reward or
saliency (Shulz et al., 2000; Ego-Stengel et al., 2001, 2002;
Fazlali et al., 2016; Vazey et al., 2018). In future studies, it will
be important to design specific behavioral tasks that directly
address the role of different behavioral factors (perception,
attention, engagement, arousal) on brain states and sensory
processing.
CONCLUSION
In summary, studies in awake animals have shown that
spontaneous, internally-generated input is the dominant
component of the Vm activity of a cortical neuron. It forms
distinct patterns of activity, termed cortical states, during
different states of behavior and arousal and has a clear influence
both on the synchrony of cortical neuron activity as well as the
processing of sensory input. While the circuit mechanisms of
global changes in cortical state have begun to be understood
in the mouse, future studies should now address the control
of fine spatial scale changes of cortical state observed in cortex
wide recordings. To better assess the influence of cortical states
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on perception and movement, behavioral tasks must now be
designed to better assess the levels of arousal and attention
possibly using less salient, near threshold stimuli. The diversity
and prevalence of cortical states in awake animals suggests that,
rather than being treated as a source of noise to be averaged out,
they should be considered as a rich and fundamental aspect of
cortical processing.
AUTHOR CONTRIBUTIONS
SC and JP wrote the manuscript. All authors contributed to
manuscript revision, read and approved the submitted version.
FUNDING
This work was funded by the European Research Council (ERC-
2015-CoG-682422, JP), the Deutsche Forschungsgemeinschaft
(DFG, Exc 257 NeuroCure and DFG-FOR-2143-Interneuron JP),
the Tyssen foundation and the Helmholtz Association (JP) and
Ecole Polytechnique Fédérale de Lausanne (EPFL, SC).
ACKNOWLEDGMENTS
We would like to thank Carl Petersen for useful discussion about
the manuscript.
REFERENCES
Amzica, F., and Steriade, M. (1995). Short- and long-range neuronal
synchronization of the slow (<1 Hz) cortical oscillation. J. Neurophysiol.
73, 20–38. doi: 10.1152/jn.1995.73.1.20
Aronoff, R., Matyas, F., Mateo, C., Ciron, C., Schneider, B., and Petersen, C. C.
(2010). Long-range connectivity of mouse primary somatosensory barrel
cortex. Eur. J. Neurosci. 31, 2221–2233. doi: 10.1111/j.1460-9568.2010.
07264.x
Arroyo, S., Bennett, C., Aziz, D., Brown, S. P., and Hestrin, S. (2012). Prolonged
disynaptic inhibition in the cortex mediated by slow, non-α7 nicotinic
excitation of a specific subset of cortical interneurons. J. Neurosci. 32,
3859–3864. doi: 10.1523/JNEUROSCI.0115-12.2012
Arroyo, S., Bennett, C., and Hestrin, S. (2018). Correlation of synaptic inputs
in the visual cortex of awake, behaving mice. Neuron 99, 1289.e2–1301.e2.
doi: 10.1016/j.neuron.2018.08.008
Aston-Jones, G., and Cohen, J. D. (2005). An integrative theory of locus coeruleus-
norepinephrine function: adaptive gain and optimal performance. Annu. Rev.
Neurosci. 28, 403–450. doi: 10.1146/annurev.neuro.28.061604.135709
Averbeck, B. B., Latham, P. E., and Pouget, A. (2006). Neural correlations,
population coding and computation. Nat. Rev. Neurosci. 7, 358–366.
doi: 10.1038/nrn1888
Ayaz, A., Saleem, A. B., Schölvinck, M. L., and Carandini, M. (2013). Locomotion
controls spatial integration in mouse visual cortex. Curr. Biol. 23, 890–894.
doi: 10.1016/j.cub.2013.04.012
Ayaz, A., Staüble, A., Saleem, A. B., and Helmchen, F. (2018). Layer-specific
integration of locomotion and concurrent wall touching in mouse barrel cortex.
BioXriv:265165 [Preprint]. doi: 10.1101/265165
Beaman, C. B., Eagleman, S. L., and Dragoi, V. (2017). Sensory coding accuracy
and perceptual performance are improved during the desynchronized cortical
state. Nat. Commun. 8:1308. doi: 10.1038/s41467-017-01030-4
Beltramo, R., D’Urso, G., Dal Maschio, M., Farisello, P., Bovetti, S., Clovis, Y.,
et al. (2013). Layer-specific excitatory circuits differentially control
recurrent network dynamics in the neocortex. Nat. Neurosci. 16, 227–234.
doi: 10.1038/nn.3306
Bennett, C., Arroyo, S., and Hestrin, S. (2013). Subthreshold mechanisms
underlying state-dependent modulation of visual responses. Neuron 80,
350–357. doi: 10.1016/j.neuron.2013.08.007
Berger, H. (1929). Ueber das elektroenkephalogramm des menschen. Arch.
Psychiatr. Nervenkrank. 87, 527–570. doi: 10.1007/BF01797193
Binda, P., and Gamlin, P. D. (2017). Renewed attention on the pupil light reflex.
Trends Neurosci. 40, 455–457. doi: 10.1016/j.tins.2017.06.007
Biskamp, J., Bartos, M., and Sauer, J. F. (2017). Organization of prefrontal
network activity by respiration-related oscillations. Sci. Rep. 7:45508.
doi: 10.1038/srep45508
Bosman, L. W., Houweling, A. R., Owens, C. B., Tanke, N., Shevchouk, O. T.,
Rahmati, N., et al. (2011). Anatomical pathways involved in generating
and sensing rhythmic whisker movements. Front. Integr. Neurosci. 5:53.
doi: 10.3389/fnint.2011.00053
Boucetta, S., Cissé, Y., Mainville, L., Morales, M., and Jones, B. E. (2014). Discharge
profiles across the sleep-waking cycle of identified cholinergic, GABAergic
and glutamatergic neurons in the pontomesencephalic tegmentum of the rat.
J. Neurosci. 34, 4708–4727. doi: 10.1523/JNEUROSCI.2617-13.2014
Brown, R. E., Basheer, R., McKenna, J. T., Strecker, R. E., and McCarley, R. W.
(2012). Control of sleep and wakefulness. Physiol. Rev. 92, 1087–1187.
doi: 10.1152/physrev.00032.2011
Busche, M. A., Kekusˇ, M., Adelsberger, H., Noda, T., Förstl, H., Nelken, I., et al.
(2015). Rescue of long-range circuit dysfunction in Alzheimer’s disease models.
Nat. Neurosci. 18, 1623–1630. doi: 10.1038/nn.4137
Buzsaki, G., Bickford, R. G., Ponomareff, G., Thal, L. J., Mandel, R., and Gage, F. H.
(1988). Nucleus basalis and thalamic control of neocortical activity in the freely
moving rat. J. Neurosci. 8, 4007–4026. doi: 10.1523/JNEUROSCI.08-11-04007.
1988
Buzsáki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926–1929. doi: 10.1126/science.1099745
Castro-Alamancos, M. A. (2002). Role of thalamocortical sensory suppression
during arousal: focusing sensory inputs in neocortex. J. Neurosci. 22,
9651–9655. doi: 10.1523/JNEUROSCI.22-22-09651.2002
Castro-Alamancos, M. A. (2004). Absence of rapid sensory adaptation in
neocortex during information processing states. Neuron 41, 455–464.
doi: 10.1016/s0896-6273(03)00853-5
Castro-Alamancos, M. A., and Oldford, E. (2002). Cortical sensory suppression
during arousal is due to the activity-dependent depression of thalamocortical
synapses. J. Physiol. 541, 319–331. doi: 10.1113/jphysiol.2002.016857
Caton, R. (1875). The electric currents of the brain. Br. Med. J. 2:278.
Chauvette, S., Crochet, S., Volgushev, M., and Timofeev, I. (2011). Properties of
slow oscillation during slow-wave sleep and anesthesia in cats. J. Neurosci. 31,
14998–15008. doi: 10.1523/JNEUROSCI.2339-11.2011
Chen, J. L., Carta, S., Soldado-Magraner, J., Schneider, B. L., and Helmchen, F.
(2013). Behaviour-dependent recruitment of long-range projection neurons in
somatosensory cortex. Nature 499, 336–340. doi: 10.1038/nature12236
Chen, N., Sugihara, H., and Sur, M. (2015). An acetylcholine-activated
microcircuit drives temporal dynamics of cortical activity. Nat. Neurosci. 18,
892–902. doi: 10.1038/nn.4002
Chung, S., Li, X., and Nelson, S. B. (2002). Short-term depression at
thalamocortical synapses contributes to rapid adaptation of cortical sensory
responses in vivo. Neuron 34, 437–446. doi: 10.1016/s0896-6273(02)00659-1
Compte, A., Sanchez-Vives, M. V., McCormick, D. A., and Wang, X. J. (2003).
Cellular and network mechanisms of slow oscillatory activity (<1 Hz) and
wave propagations in a cortical network model. J. Neurophysiol. 89, 2707–2725.
doi: 10.1152/jn.00845.2002
Constantinople, C. M., and Bruno, R. M. (2011). Effects and mechanisms of
wakefulness on local cortical networks. Neuron 69, 1061–1068. doi: 10.1016/j.
neuron.2011.02.040
Crochet, S. (2012). ‘‘Intracellular whole-cell patch-clamp recordings of cortical
neurons in awake head-restrained mice,’’ in Neural Network Analysis, eds
T. Fellin and M. Halassa (New York, NY: Humana Press), 219–235.
Crochet, S., and Petersen, C. C. (2006). Correlating whisker behavior with
membrane potential in barrel cortex of awake mice. Nat. Neurosci. 9, 608–610.
doi: 10.1038/nn1690
Crochet, S., Poulet, J. F., Kremer, Y., and Petersen, C. C. (2011). Synaptic
mechanisms underlying sparse coding of active touch. Neuron 69, 1160–1175.
doi: 10.1016/j.neuron.2011.02.022
Dasgupta, R., Seibt, F., and Beierlein, M. (2018). Synaptic release of acetylcholine
rapidly suppresses cortical activity by recruiting muscarinic receptors in layer 4.
J. Neurosci. 38, 5338–5350. doi: 10.1523/JNEUROSCI.0566-18.2018
Frontiers in Systems Neuroscience | www.frontiersin.org 14 January 2019 | Volume 12 | Article 64
Poulet and Crochet Cortical States
de Gee, J. W., Colizoli, O., Kloosterman, N. A., Knapen, T., Nieuwenhuis, S., and
Donner, T. H. (2017). Dynamic modulation of decision biases by brainstem
arousal systems. Elife 6:e23232. doi: 10.7554/eLife.23232
de Gee, J. W., Tsetsos, K., McCormick, D. A., McGinley, M. J., and Donner, E. J.
(2018). Phasic arousal optimizes decision computations in mice and humans.
BioRxiv:447656 [Preprint]. doi: 10.1101/447656
de Kock, C. P., and Sakmann, B. (2009). Spiking in primary somatosensory
cortex during natural whisking in awake head-restrained rats is cell-type
specific. Proc. Natl. Acad. Sci. U S A 106, 16446–16450. doi: 10.1073/pnas.09041
43106
Destexhe, A., Contreras, D., and Steriade, M. (1999). Spatiotemporal analysis of
local field potentials and unit discharges in cat cerebral cortex during natural
wake and sleep states. J. Neurosci. 19, 4595–4608. doi: 10.1523/JNEUROSCI.
19-11-04595.1999
Diamond, M. E., von Heimendahl, M., Knutsen, P. M., Kleinfeld, D., and
Ahissar, E. (2008). ‘Where’ and ‘what’ in the whisker sensorimotor system. Nat.
Rev. Neurosci. 9, 601–612. doi: 10.1038/nrn2411
Dipoppa, M., Ranson, A., Krumin, M., Pachitariu, M., Carandini, M., and
Harris, K. D. (2018). Vision and locomotion shape the interactions between
neuron types in mouse visual cortex. Neuron 98, 602.e8–615.e8. doi: 10.1016/j.
neuron.2018.03.037
Disney, A. A., Aoki, C., and Hawken, M. J. (2007). Gain modulation by nicotine in
macaque v1. Neuron 56, 701–713. doi: 10.1016/j.neuron.2007.09.034
Ebbesen, C. L., Doron, G., Lenschow, C., and Brecht, M. (2017). Vibrissa motor
cortex activity suppresses contralateral whisking behavior. Nat. Neurosci. 20,
82–89. doi: 10.1038/nn.4437
Eggermann, E., and Feldmeyer, D. (2009). Cholinergic filtering in the recurrent
excitatory microcircuit of cortical layer 4. Proc. Natl. Acad. Sci. U S A 106,
11753–11758. doi: 10.1073/pnas.0810062106
Eggermann, E., Kremer, Y., Crochet, S., and Petersen, C. C. (2014). Cholinergic
signals in mouse barrel cortex during active whisker sensing. Cell Rep. 9,
1654–1660. doi: 10.1016/j.celrep.2014.11.005
Ego-Stengel, V., Bringuier, V., and Shulz, D. E. (2002). Noradrenergic modulation
of functional selectivity in the cat visual cortex: an in vivo extracellular
and intracellular study. Neuroscience 111, 275–289. doi: 10.1016/s0306-
4522(02)00011-8
Ego-Stengel, V., Shulz, D. E., Haidarliu, S., Sosnik, R., and Ahissar, E. (2001).
Acetylcholine-dependent induction and expression of functional plasticity in
the barrel cortex of the adult rat. J. Neurophysiol. 86, 422–437. doi: 10.1152/jn.
2001.86.1.422
Engel, A. K., Fries, P., and Singer, W. (2001). Dynamic predictions: oscillations
and synchrony in top-down processing. Nat. Rev. Neurosci. 2, 704–716.
doi: 10.1038/35094565
Engel, T. A., Steinmetz, N. A., Gieselmann, M. A., Thiele, A., Moore, T.,
and Boahen, K. (2016). Selective modulation of cortical state during spatial
attention. Science 354, 1140–1144. doi: 10.1126/science.aag1420
Engel, A. K., and Singer, W. (2001). Temporal binding and the neural correlates
of sensory awareness. Trends Cogn. Sci. 5, 16–25. doi: 10.1016/s1364-
6613(00)01568-0
Erisken, S., Vaiceliunaite, A., Jurjut, O., Fiorini, M., Katzner, S., and Busse, L.
(2014). Effects of locomotion extend throughout the mouse early visual system.
Curr. Biol. 24, 2899–2907. doi: 10.1016/j.cub.2014.10.045
Fanselow, E. E., and Nicolelis, M. A. (1999). Behavioral modulation of tactile
responses in the rat somatosensory system. J. Neurosci. 19, 7603–7616.
doi: 10.1523/JNEUROSCI.19-17-07603.1999
Favero, M., Varghese, G., and Castro-Alamancos, M. A. (2012). The state
of somatosensory cortex during neuromodulation. J. Neurophysiol. 108,
1010–1024. doi: 10.1152/jn.00256.2012
Fazlali, Z., Ranjbar-Slamloo, Y., Adibi, M., and Arabzadeh, E. (2016). Correlation
between cortical state and locus coeruleus activity: implications for sensory
coding in rat barrel cortex. Front. Neur. Circuits 10:14. doi: 10.3389/fncir.2016.
00014
Feldmeyer, D., Brecht, M., Helmchen, F., Petersen, C. C., Poulet, J. F., Staiger, J. F.,
et al. (2013). Barrel cortex function. Prog. Neurobiol. 103, 3–27. doi: 10.1016/j.
pneurobio.2012.11.002
Ferezou, I., Bolea, S., and Petersen, C. C. (2006). Visualizing the cortical
representation of whisker touch: voltage-sensitive dye imaging in freely moving
mice. Neuron 50, 617–629. doi: 10.1016/j.neuron.2006.03.043
Ferezou, I., Haiss, F., Gentet, L. J., Aronoff, R., Weber, B., and Petersen, C. C.
(2007). Spatiotemporal dynamics of cortical sensorimotor integration in
behaving mice. Neuron 56, 907–923. doi: 10.1016/j.neuron.2007.10.007
Fernandez, L. M. J., Comte, J. C., Le Merre, P., Lin, J. S., Salin, P. A.,
and Crochet, S. (2017). Highly dynamic spatiotemporal organization of
low-frequency activities during behavioral states in the mouse cerebral cortex.
Cereb. Cortex 27, 5444–5462. doi: 10.1093/cercor/bhw311
Ferrarese, L., Jouhanneau, J. S., Remme, M. W. H., Kremkow, J., Katona, G.,
Rózsa, B., et al. (2018). Dendrite-specific amplification of weak synaptic input
during network activity in vivo. Cell Rep. 24, 3455.e5–3465.e5. doi: 10.1016/j.
celrep.2018.08.088
Fu, Y., Tucciarone, J. M., Espinosa, J. S., Sheng, N., Darcy, D. P., Nicoll, R. A.,
et al. (2014). A cortical circuit for gain control by behavioral state. Cell 156,
1139–1152. doi: 10.1016/j.cell.2014.01.050
Fuentealba, P., and Steriade, M. (2005). The reticular nucleus revisited: intrinsic
and network properties of a thalamic pacemaker. Prog. Neurobiol. 75, 125–141.
doi: 10.1016/j.pneurobio.2005.01.002
Ganea, D. A., Bexter, A., Guenther, M., Garderes, P. M., Kampa, B. M.,
and Haiss, F. (2018). Pupillary dilations of mice performing a vibrotactile
discrimination task reflect task engagement and response confidence.
BioRxiv:444919 [Preprint]. doi: 10.1101/444919
Gent, T. C., Bandarabadi, M., Herrera, C. G., and Adamantidis, A. R. (2018).
Thalamic dual control of sleep and wakefulness. Nat. Neurosci. 21, 974–984.
doi: 10.1038/s41593-018-0164-7
Gentet, L. J. (2012). Functional diversity of supragranular GABAergic neurons in
the barrel cortex. Front. Neural Circuits 6:52. doi: 10.3389/fncir.2012.00052
Gentet, L. J., Avermann, M., Matyas, F., Staiger, J. F., and Petersen, C. C. (2010).
Membrane potential dynamics of GABAergic neurons in the barrel cortex of
behaving mice. Neuron 65, 422–435. doi: 10.1016/j.neuron.2010.01.006
Gentet, L. J., Kremer, Y., Taniguchi, H., Huang, Z. J., Staiger, J. F., and
Petersen, C. C. (2012). Unique functional properties of somatostatin-
expressing GABAergic neurons in mouse barrel cortex. Nat. Neurosci. 15,
607–612. doi: 10.1038/nn.3051
Gil, Z., Connors, B. W., and Amitai, Y. (1997). Differential regulation of
neocortical synapses by neuromodulators and activity. Neuron 19, 679–686.
doi: 10.1016/s0896-6273(00)80380-3
Golmayo, L., Nuñez, A., and Zaborszky, L. (2003). Electrophysiological evidence
for the existence of a posterior cortical-prefrontal-basal forebrain circuitry in
modulating sensory responses in visual and somatosensory rat cortical areas.
Neuroscience 119, 597–609. doi: 10.1016/s0306-4522(03)00031-9
Grion, N., Akrami, A., Zuo, Y., Stella, F., and Diamond, M. E. (2016). Coherence
between rat sensorimotor system and hippocampus is enhanced during tactile
discrimination. PLoS Biol. 14:e1002384. doi: 10.1371/journal.pbio.1002384
Groh, A., Bokor, H., Mease, R. A., Plattner, V. M., Hangya, B., Stroh, A.,
et al. (2014). Convergence of cortical and sensory driver inputs on single
thalamocortical cells. Cereb. Cortex 24, 3167–3179. doi: 10.1093/cercor/
bht173
Haiss, F., and Schwarz, C. (2005). Spatial segregation of different modes of
movement control in the whisker representation of rat primary motor cortex.
J. Neurosci. 25, 1579–1587. doi: 10.1523/JNEUROSCI.3760-04.2005
Harris, K. D., and Thiele, A. (2011). Cortical state and attention. Nat. Rev.
Neurosci. 12, 509–523. doi: 10.1038/nrn3084
Harrison, T. C., Pinto, L., Brock, J. R., and Dan, Y. (2016). Calcium imaging of
basal forebrain activity during innate and learned behaviors. Front. Neural
Circuits 10:36. doi: 10.3389/fncir.2016.00036
Hedrick, T., and Waters, J. (2015). Acetylcholine excites neocortical
pyramidal neurons via nicotinic receptors. J. Neurophysiol. 113, 2195–2209.
doi: 10.1152/jn.00716.2014
Hentschke, H., Haiss, F., and Schwarz, C. (2006). Central signals rapidly switch
tactile processing in rat barrel cortex during whisker movements. Cereb. Cortex
16, 1142–1156. doi: 10.1093/cercor/bhj056
Herrera, C. G., Cadavieco, M. C., Jego, S., Ponomarenko, A., Korotkova, T.,
and Adamantidis, A. (2016). Hypothalamic feedforward inhibition of
thalamocortical network controls arousal and consciousness. Nat. Neurosci. 19,
290–298. doi: 10.1038/nn.4209
Hill, D. N., Curtis, J. C., Moore, J. D., and Kleinfeld, D. (2011). Primary motor
cortex reports efferent control of vibrissa motion on multiple timescales.
Neuron 72, 344–356. doi: 10.1016/j.neuron.2011.09.020
Frontiers in Systems Neuroscience | www.frontiersin.org 15 January 2019 | Volume 12 | Article 64
Poulet and Crochet Cortical States
Hirata, A., and Castro-Alamancos, M. A. (2010). Neocortex network activation
and deactivation states controlled by the thalamus. J. Neurophysiol. 103,
1147–1157. doi: 10.1152/jn.00955.2009
Hirata, A., and Castro-Alamancos, M. A. (2011). Effects of cortical activation
on sensory responses in barrel cortex. J. Neurophysiol. 105, 1495–1505.
doi: 10.1152/jn.01085.2010
Hobson, J. A., and Pace-Schott, E. F. (2002). The cognitive neuroscience of sleep:
neuronal systems, consciousness and learning. Nat. Rev. Neurosci. 3, 679–693.
doi: 10.1038/nrn915
Hsieh, C. Y., Cruikshank, S. J., and Metherate, R. (2000). Differential modulation
of auditory thalamocortical and intracortical synaptic transmission by
cholinergic agonist. Brain Res. 880, 51–64. doi: 10.1016/s0006-8993(00)02766-9
Huber, R., Ghilardi, M. F., Massimini, M., and Tononi, G. (2004). Local sleep and
learning. Nature 430, 78–81. doi: 10.1038/nature02663
Isomura, Y., Sirota, A., Ozen, S., Montgomery, S., Mizuseki, K., Henze, D. A.,
et al. (2006). Integration and segregation of activity in entorhinal-hippocampal
subregions by neocortical slow oscillations. Neuron 52, 871–882. doi: 10.1016/j.
neuron.2006.10.023
Ito, J., Roy, S., Liu, Y., Cao, Y., Fletcher, M., Lu, L., et al. (2014). Whisker
barrel cortex delta oscillations and γ power in the awake mouse are linked to
respiration. Nat. Commun. 5:3572. doi: 10.1038/ncomms4572
Itskov, P. M., Vinnik, E., Honey, C., Schnupp, J., and Diamond, M. E. (2012).
Sound sensitivity of neurons in rat hippocampus during performance of
a sound-guided task. J. Neurophysiol. 107, 1822–1834. doi: 10.1152/jn.004
04.2011
Jacobs, E. A. K., Steinmetz, N. A., Caballero, M. T., and Harris, A. Z. (2018).
Cortical state fluctuations during sensory decision making. BioRxiv:348193
[Preprint]. doi: 10.1101/348193
Jones, B. E. (2005). From waking to sleeping: neuronal and chemical substrates.
Trends Pharmacol. Sci. 26, 578–586. doi: 10.1016/j.tips.2005.09.009
Joshi, S., Li, Y., Kalwani, R. M., and Gold, J. I. (2016). Relationships between pupil
diameter and neuronal activity in the locus coeruleus, colliculi, and cingulate
cortex. Neuron 89, 221–234. doi: 10.1016/j.neuron.2015.11.028
Jouhanneau, J. S., Ferrarese, L., Estebanez, L., Audette, N. J., Brecht, M.,
Barth, A. L., et al. (2014). Cortical fosgfp expression reveals broad receptive
field excitatory neurons targeted by pom. Neuron 84, 1065–1078. doi: 10.1016/j.
neuron.2014.10.014
Jouvet, M. (1967). Neurophysiology of the states of sleep. Physiol. Rev. 47, 117–177.
doi: 10.1152/physrev.1967.47.2.117
Karalis, S., and Sirota, A. (2018). Breathing coordinates limbic network
dynamics underlying memory consolidation. BioRxiv:392530 [Preprint].
doi: 10.1101/392530
Kim, J. H., Jung, A. H., Jeong, D., Choi, I., Kim, K., Shin, S., et al. (2016). Selectivity
of neuromodulatory projections from the basal forebrain and locus ceruleus to
primary sensory cortices. J. Neurosci. 36, 5314–5327. doi: 10.1523/JNEUROSCI.
4333-15.2016
Kinnischtzke, A. K., Simons, D. J., and Fanselow, E. E. (2014). Motor cortex
broadly engages excitatory and inhibitory neurons in somatosensory barrel
cortex. Cereb. Cortex 24, 2237–2248. doi: 10.1093/cercor/bht085
Ko, H., Hofer, S. B., Pichler, B., Buchanan, K. A., Sjöström, P. J., and Mrsic-
Flogel, T. D. (2011). Functional specificity of local synaptic connections in
neocortical networks. Nature 473, 87–91. doi: 10.1038/nature09880
Komai, S., Denk, W., Osten, P., Brecht, M., and Margrie, T. W. (2006).
Two-photon targeted patching (TPTP) in vivo. Nat. Protocols 1, 647–652.
doi: 10.1038/nprot.2006.100
Ko˝szeghy, Á., Lasztóczi, B., Forro, T., and Klausberger, T. (2018). Spike-timing
of orbitofrontal neurons is synchronized with breathing. Front. Cell. Neurosci.
12:105. doi: 10.3389/fncel.2018.00105
Kruglikov, I., and Rudy, B. (2008). Perisomatic gaba release and thalamocortical
integration onto neocortical excitatory cells are regulated by neuromodulators.
Neuron 58, 911–924. doi: 10.1016/j.neuron.2008.04.024
Kuchibhotla, K. V., Gill, J. V., Lindsay, G. W., Papadoyannis, E. S., Field, R. E.,
Sten, T. A., et al. (2017). Parallel processing by cortical inhibition enables
context-dependent behavior. Nat. Neurosci. 20, 62–71. doi: 10.1038/nn.4436
Kyriakatos, A., Sadashivaiah, V., Zhang, Y., Motta, A., Auffret, M., and
Petersen, C. C. (2017). Voltage-sensitive dye imaging of mouse neocortex
during a whisker detection task. Neurophotonics 4:031204. doi: 10.1117/1.nph.
4.3.031204
Le Merre, P., Esmaeili, V., Charrière, E., Galan, K., Salin, P. A., Petersen, C. C. H.,
et al. (2018). Reward-based learning drives rapid sensory signals in medial
prefrontal cortex and dorsal hippocampus necessary for goal-directed behavior.
Neuron 97, 83.e5–91.e5. doi: 10.1016/j.neuron.2017.11.031
Le Van Quyen, M., Muller, L. E. II., Telenczuk, B., Halgren, E., Cash, S.,
Hatsopoulos, N. G., et al. (2016). High-frequency oscillations in human and
monkey neocortex during the wake-sleep cycle. Proc. Natl. Acad. Sci. U S A
113, 9363–9368. doi: 10.1073/pnas.1523583113
Lee, C. C., Diamond, M. E., and Arabzadeh, E. (2016). Sensory prioritization
in rats: behavioral performance and neuronal correlates. J. Neurosci. 36,
3243–3253. doi: 10.1523/JNEUROSCI.3636-15.2016
Lee, A. M., Hoy, J. L., Bonci, A., Wilbrecht, L., Stryker, M. P., and Niell, C. M.
(2014). Identification of a brainstem circuit regulating visual cortical state
in parallel with locomotion. Neuron 83, 455–466. doi: 10.1016/j.neuron.2014.
06.031
Lee, S., Kruglikov, I., Huang, Z. J., Fishell, G., and Rudy, B. (2013). A disinhibitory
circuit mediates motor integration in the somatosensory cortex. Nat. Neurosci.
16, 1662–1670. doi: 10.1038/nn.3544
Lewis, L. D., Voigts, J., Flores, F. J., Schmitt, L. I., Wilson, M. A., Halassa, M. M.,
et al. (2015). Thalamic reticular nucleus induces fast and local modulation of
arousal state. Elife 4:e08760. doi: 10.7554/eLife.08760
Lin, J. S. (2000). Brain structures and mechanisms involved in the control
of cortical activation and wakefulness, with emphasis on the posterior
hypothalamus and histaminergic neurons. Sleep Med. Rev. 4, 471–503.
doi: 10.1053/smrv.2000.0116
Loomis, A. L., Harvey, E. N., and Hobart, G. (1935). Further observations on
the potential rhythms of the cerebral cortex during sleep. Science 82, 198–200.
doi: 10.1126/science.82.2122.198
Mao, T., Kusefoglu, D., Hooks, B. M., Huber, D., Petreanu, L., and Svoboda, K.
(2011). Long-range neuronal circuits underlying the interaction between
sensory and motor cortex. Neuron 72, 111–123. doi: 10.1016/j.neuron.2011.
07.029
Margrie, T. W., Brecht, M., and Sakmann, B. (2002). In vivo, low-resistance,
whole-cell recordings from neurons in the anaesthetized and awake
mammalian brain. Pflugers Arch. 444, 491–498. doi: 10.1007/s00424-002-
0831-z
Margrie, T. W., Meyer, A. H., Caputi, A., Monyer, H., Hasan, M. T., Schaefer, A. T.,
et al. (2003). Targeted whole-cell recordings in the mammalian brain in vivo.
Neuron 39, 911–918. doi: 10.1016/j.neuron.2003.08.012
Massimini, M., Ferrarelli, F., Huber, R., Esser, S. K., Singh, H., and Tononi, G.
(2005). Breakdown of cortical effective connectivity during sleep. Science 309,
2228–2232. doi: 10.1126/science.1117256
Mátyás, F., Komlósi, G., Babiczky, Á., Kocsis, K., Barthó, P., Barsy, B., et al. (2018).
A highly collateralized thalamic cell type with arousal-predicting activity serves
as a key hub for graded state transitions in the forebrain. Nat. Neurosci. 21,
1551–1562. doi: 10.1038/s41593-018-0251-9
Matyas, F., Sreenivasan, V., Marbach, F., Wacongne, C., Barsy, B., Mateo, C.,
et al. (2010). Motor control by sensory cortex. Science 330, 1240–1243.
doi: 10.1126/science.1195797
McCormick, D. A., and Williamson, A. (1989). Convergence and divergence of
neurotransmitter action in human cerebral cortex. Proc. Natl. Acad. Sci. U S A
86, 8098–8102. doi: 10.1073/pnas.86.20.8098
McGinley, M. J., David, S. V., and McCormick, D. A. (2015a). Cortical membrane
potential signature of optimal states for sensory signal detection. Neuron 87,
179–192. doi: 10.1016/j.neuron.2015.05.038
McGinley, M. J., Vinck, M., Reimer, J., Batista-Brito, R., Zagha, E., Cadwell, C. R.,
et al. (2015b). Waking state: rapid variations modulate neural and behavioral
responses. Neuron 87, 1143–1161. doi: 10.1016/j.neuron.2015.09.012
Meir, I., Katz, Y., and Lampl, I. (2018). Membrane potential correlates of network
decorrelation and improved snr by cholinergic activation in the somatosensory
cortex. J. Neurosci. 38, 10692–10708. doi: 10.1523/JNEUROSCI.1159-
18.2018
Melloni, L., Molina, C., Pena, M., Torres, D., Singer, W., and Rodriguez, E.
(2007). Synchronization of neural activity across cortical areas correlates with
conscious perception. J. Neurosci. 27, 2858–2865. doi: 10.1523/JNEUROSCI.
4623-06.2007
Metherate, R., Cox, C. L., and Ashe, J. H. (1992). Cellular bases of
neocortical activation: modulation of neural oscillations by the nucleus
Frontiers in Systems Neuroscience | www.frontiersin.org 16 January 2019 | Volume 12 | Article 64
Poulet and Crochet Cortical States
basalis and endogenous acetylcholine. J. Neurosci. 12, 4701–4711.
doi: 10.1523/JNEUROSCI.12-12-04701.1992
Miyamoto, D., Hirai, D., Fung, C. C., Inutsuka, A., Odagawa, M., Suzuki, T., et al.
(2016). Top-down cortical input during nrem sleep consolidates perceptual
memory. Science 352, 1315–1318. doi: 10.1126/science.aaf0902
Miyashita, T., and Feldman, D. E. (2013). Behavioral detection of passive
whisker stimuli requires somatosensory cortex. Cereb. Cortex 23, 1655–1662.
doi: 10.1093/cercor/bhs155
Moruzzi, G., and Magoun, H. W. (1949). Brainstem reticular formation and
activation of the EEG. Electroencephalogr. Clin. Neurophysiol. 1, 455–473.
doi: 10.1016/0013-4694(49)90219-9
Muñoz, W., Tremblay, R., Levenstein, D., and Rudy, B. (2017). Layer-specific
modulation of neocortical dendritic inhibition during active wakefulness.
Science 355, 954–959. doi: 10.1126/science.aag2599
Musall, S., Kaufman, M. T., Gluf, S., and Churchland, A. K. (2018). Movement-
related activity dominates cortex during sensory-guided decision making.
BioRxiv:308288 [Preprint]. doi: 10.1101/308288
Nelson, A., and Mooney, R. (2016). The basal forebrain and motor cortex provide
convergent yet distinct movement-related inputs to the auditory cortex.Neuron
90, 635–648. doi: 10.1016/j.neuron.2016.03.031
Neske, G. T., and McCormick, D. A. (2018). Distinct waking states for strong
evoked responses in primary visual cortex and optimal visual detection
performance. BioRxiv:437681 [Preprint]. doi: 10.1101/437681
Nguyen Chi, V., Müller, C., Wolfenstetter, T., Yanovsky, Y., Draguhn, A.,
Tort, A. B., et al. (2016). Hippocampal respiration-driven rhythm distinct
from theta oscillations in awake mice. J. Neurosci. 36, 162–177. doi: 10.1523/
JNEUROSCI.2848-15.2016
Niell, C. M., and Stryker, M. P. (2010). Modulation of visual responses by
behavioral state in mouse visual cortex. Neuron 65, 472–479. doi: 10.1016/j.
neuron.2010.01.033
Nir, Y., Staba, R. J., Andrillon, T., Vyazovskiy, V. V., Cirelli, C., Fried, I., et al.
(2011). Regional slow waves and spindles in human sleep. Neuron 70, 153–169.
doi: 10.1016/j.neuron.2011.02.043
Olcese, U., Bos, J. J., Vinck, M., Lankelma, J. V., van Mourik-Donga, L. B.,
Schlumm, F., et al. (2016). Spike-based functional connectivity in cerebral
cortex and hippocampus: loss of global connectivity is coupled to preservation
of local connectivity during non-rem sleep. J. Neurosci. 36, 7676–7692.
doi: 10.1523/JNEUROSCI.4201-15.2016
Oldford, E., and Castro-Alamancos, M. A. (2003). Input-specific effects of
acetylcholine on sensory and intracortical evoked responses in the ‘‘barrel
cortex’’ in vivo. Neuroscience 117, 769–778. doi: 10.1016/s0306-4522(02)
00663-2
Ollerenshaw, D. R., Bari, B. A., Millard, D. C., Orr, L. E., Wang, Q., and
Stanley, G. B. (2012). Detection of tactile inputs in the rat vibrissa pathway.
J. Neurophysiol. 108, 479–490. doi: 10.1152/jn.00004.2012
Otazu, G. H., Tai, L. H., Yang, Y., and Zador, A. M. (2009). Engaging in an auditory
task suppresses responses in auditory cortex. Nat. Neurosci. 12, 646–654.
doi: 10.1038/nn.2306
Otis, J. M., Namboodiri, V. M., Matan, A. M., Voets, E. S., Mohorn, E. P.,
Kosyk, O., et al. (2017). Prefrontal cortex output circuits guide reward seeking
through divergent cue encoding. Nature 543, 103–107. doi: 10.1038/nature
21376
Pakan, J. M., Lowe, S. C., Dylda, E., Keemink, S. W., Currie, S. P., Coutts, C. A.,
et al. (2016). Behavioral-state modulation of inhibition is context-dependent
and cell type specific in mouse visual cortex. Elife 5:e14985. doi: 10.7554/eLife.
14985
Pala, A., and Petersen, C. C. (2018). State-dependent cell-type-specific membrane
potential dynamics and unitary synaptic inputs in awake mice. Elife 7:e35869.
doi: 10.7554/eLife.35869
Petersen, C. C., Hahn, T. T., Mehta, M., Grinvald, A., and Sakmann, B.
(2003). Interaction of sensory responses with spontaneous depolarization in
layer 2/3 barrel cortex. Proc. Natl. Acad. Sci. U S A 100, 13638–13643.
doi: 10.1073/pnas.2235811100
Petreanu, L., Gutnisky, D. A., Huber, D., Xu, N. L., O’Connor, D. H., Tian, L.,
et al. (2012). Activity in motor-sensory projections reveals distributed coding
in somatosensation. Nature 489, 299–303. doi: 10.1038/nature11321
Pfeffer, C. K., Xue, M., He, M., Huang, Z. J., and Scanziani, M. (2013).
Inhibition of inhibition in visual cortex: the logic of connections between
molecularly distinct interneurons. Nat. Neurosci. 16, 1068–1076. doi: 10.1038/
nn.3446
Phillips, J. M., Kambi, N. A., and Saalmann, Y. B. (2016). A subcortical
pathway for rapid, goal-driven, attentional filtering.Trends Neurosci. 39, 49–51.
doi: 10.1016/j.tins.2015.12.003
Pi, H. J., Hangya, B., Kvitsiani, D., Sanders, J. I., Huang, Z. J., and Kepecs, A.
(2013). Cortical interneurons that specialize in disinhibitory control. Nature
503, 521–524. doi: 10.1038/nature12676
Pinault, D. (2004). The thalamic reticular nucleus: structure, function and concept.
Brain Res. Rev. 46, 1–31. doi: 10.1016/j.brainresrev.2004.04.008
Pinto, L., and Dan, Y. (2015). Cell-type-specific activity in prefrontal cortex during
goal-directed behavior. Neuron 87, 437–450. doi: 10.1016/j.neuron.2015.06.021
Pinto, L., Goard, M. J., Estandian, D., Xu, M., Kwan, A. C., Lee, S. H., et al. (2013).
Fast modulation of visual perception by basal forebrain cholinergic neurons.
Nat. Neurosci. 16, 1857–1863. doi: 10.1038/nn.3552
Polack, P. O., Friedman, J., and Golshani, P. (2013). Cellular mechanisms of
brain state-dependent gain modulation in visual cortex. Nat. Neurosci. 16,
1331–1339. doi: 10.1038/nn.3464
Poulet, J. F., Fernandez, L. M., Crochet, S., and Petersen, C. C. (2012). Thalamic
control of cortical states. Nat. Neurosci. 15, 370–372. doi: 10.1038/nn.3035
Poulet, J. F., and Petersen, C. C. (2008). Internal brain state regulates membrane
potential synchrony in barrel cortex of behaving mice. Nature 454, 881–885.
doi: 10.1038/nature07150
Pronneke, A., Witte, M., Mock, M., and Staiger, J. F. (2018). Neuromodulation
leads to a burst-tonic switch in a subset of vip neurons in mouse primary
somatosensory (barrel) cortex. BioRxiv:475061 [Preprint]. doi: 10.1101/475061
Reig, R., Zerlaut, Y., Vergara, R., Destexhe, A., and Sanchez-Vives, M. V. (2015).
Gain modulation of synaptic inputs by network state in auditory cortex in vivo.
J. Neurosci. 35, 2689–2702. doi: 10.1523/JNEUROSCI.2004-14.2015
Reimer, J., Froudarakis, E., Cadwell, C. R., Yatsenko, D., Denfield, G. H., and
Tolias, A. S. (2014). Pupil fluctuations track fast switching of cortical states
during quiet wakefulness. Neuron 84, 355–362. doi: 10.1016/j.neuron.2014.
09.033
Reimer, J., McGinley, M. J., Liu, Y., Rodenkirch, C., Wang, Q.,
McCormick, D. A., et al. (2016). Pupil fluctuations track rapid changes
in adrenergic and cholinergic activity in cortex. Nat. Commun. 7:13289.
doi: 10.1038/ncomms13289
Rheinberger, M., and Jasper, H. H. (1937). Electrical activity of the cerebral cortex
in the unanesthetized cat. Am. J. Physiol. 119, 186–196. doi: 10.1152/ajplegacy.
1937.119.1.186
Rojas-Líbano, D., Wimmer Del Solar, J., Aguilar-Rivera, M., Montefusco-
Siegmund, R., and Maldonado, P. E. (2018). Local cortical activity of distant
brain areas can phase-lock to the olfactory bulb’s respiratory rhythm in
the freely behaving rat. J. Neurophysiol. 120, 960–972. doi: 10.1152/jn.000
88.2018
Sachidhanandam, S., Sreenivasan, V., Kyriakatos, A., Kremer, Y., and
Petersen, C. C. (2013). Membrane potential correlates of sensory perception in
mouse barrel cortex. Nat. Neurosci. 16, 1671–1677. doi: 10.1038/nn.3532
Sakai, K. (2012). Discharge properties of presumed cholinergic and
noncholinergic laterodorsal tegmental neurons related to cortical activation
in non-anesthetized mice. Neuroscience 224, 172–190. doi: 10.1016/j.
neuroscience.2012.08.032
Sakata, S., and Harris, K. D. (2009). Laminar structure of spontaneous and
sensory-evoked population activity in auditory cortex. Neuron 64, 404–418.
doi: 10.1016/j.neuron.2009.09.020
Sanchez-Vives, M. V., and McCormick, D. A. (2000). Cellular and network
mechanisms of rhythmic recurrent activity in neocortex. Nat. Neurosci. 3,
1027–1034. doi: 10.1038/79848
Schiemann, J., Puggioni, P., Dacre, J., Pelko, M., Domanski, A., van Rossum, M. C.,
et al. (2015). Cellular mechanisms underlying behavioral state-dependent
bidirectional modulation of motor cortex output. Cell Rep. 11, 1319–1330.
doi: 10.1016/j.celrep.2015.04.042
Schneider, D. M., Nelson, A., and Mooney, R. (2014). A synaptic and circuit
basis for corollary discharge in the auditory cortex. Nature 513, 189–194.
doi: 10.1038/nature13724
Schneider, D. M., Sundararajan, J., and Mooney, R. (2018). A cortical filter
that learns to suppress the acoustic consequences of movement. Nature 561,
391–395. doi: 10.1038/s41586-018-0520-5
Frontiers in Systems Neuroscience | www.frontiersin.org 17 January 2019 | Volume 12 | Article 64
Poulet and Crochet Cortical States
Sherman, S. M. (2016). Thalamus plays a central role in ongoing cortical
functioning. Nat. Neurosci. 19, 533–541. doi: 10.1038/nn.4269
Shimaoka, D., Harris, K. D., and Carandini, M. (2018). Effects of arousal on mouse
sensory cortex depend on modality. Cell Rep. 22, 3160–3167. doi: 10.1016/j.
celrep.2018.02.092
Shulz, D. E., Sosnik, R., Ego, V., Haidarliu, S., and Ahissar, E. (2000). A neuronal
analogue of state-dependent learning. Nature 403, 549–553. doi: 10.1038/350
00586
Smith, M. A., and Kohn, A. (2008). Spatial and temporal scales of neuronal
correlation in primary visual cortex. J. Neurosci. 28, 12591–12603. doi: 10.1523/
JNEUROSCI.2929-08.2008
Sreenivasan, V., Esmaeili, V., Kiritani, T., Galan, K., Crochet, S., and
Petersen, C. C. (2016). Movement initiation signals in mouse whisker motor
cortex. Neuron 92, 1368–1382. doi: 10.1016/j.neuron.2016.12.001
Steriade, M. (2000). Corticothalamic resonance, states of vigilance and mentation.
Neuroscience 101, 243–276. doi: 10.1016/s0306-4522(00)00353-5
Steriade, M., Amzica, F., and Contreras, D. (1996). Synchronization of fast
(30–40 Hz) spontaneous cortical rhythms during brain activation. J. Neurosci.
16, 392–417. doi: 10.1523/jneurosci.16-01-00392.1996
Steriade, M., Amzica, F., and Nuñez, A. (1993a). Cholinergic and noradrenergic
modulation of the slow (approximately 0.3 Hz) oscillation in neocortical cells.
J. Neurophysiol. 70, 1385–1400. doi: 10.1152/jn.1993.70.4.1385
Steriade, M., McCormick, D. A., and Sejnowski, T. J. (1993b). Thalamocortical
oscillations in the sleeping and aroused brain. Science 262, 679–685.
doi: 10.1126/science.8235588
Steriade, M., Timofeev, I., and Grenier, F. (2001). Natural waking and sleep
states: a view from inside neocortical neurons. J. Neurophysiol. 85, 1969–1985.
doi: 10.1152/jn.2001.85.5.1969
Stringer, C., Pachitariu, M., Steinmetz, N., Reddy, C., Carandini, M., and
Harris, K. D. (2018). Spontaneous behaviors drive multidimensional,
brain-wide neural activity. BioRxiv:306019 [Preprint]. doi: 10.1101/306019
Timofeev, I., Grenier, F., Bazhenov, M., Sejnowski, T. J., and Steriade, M. (2000).
Origin of slow cortical oscillations in deafferented cortical slabs. Cereb. Cortex
10, 1185–1199. doi: 10.1093/cercor/10.12.1185
Timofeev, I., Grenier, F., and Steriade, M. (2001). Disfacilitation and active
inhibition in the neocortex during the natural sleep-wake cycle: an intracellular
study. Proc. Natl. Acad. Sci. U S A 98, 1924–1929. doi: 10.1073/pnas.041430398
Tort, A. B. L., Brankack, J., and Draguhn, A. (2018). Respiration-entrained
brain rhythms are global but often overlooked. Trends Neurosci. 41, 186–197.
doi: 10.1016/j.tins.2018.01.007
Tremblay, R., Lee, S., and Rudy, B. (2016). GABaergic interneurons in
the neocortex: from cellular properties to circuits. Neuron 91, 260–292.
doi: 10.1016/j.neuron.2016.06.033
Urbain, N., Salin, P. A., Libourel, P. A., Comte, J. C., Gentet, L. J., and
Petersen, C. C. (2015). Whisking-related changes in neuronal firing and
membrane potential dynamics in the somatosensory thalamus of awake mice.
Cell Rep. 13, 647–656. doi: 10.1016/j.celrep.2015.09.029
Urban-Ciecko, J., Jouhanneau, J. S., Myal, S. E., Poulet, J. F. A., and Barth, A. L.
(2018). Precisely timed nicotinic activation drives sst inhibition in neocortical
circuits. Neuron 97, 611.e5–625.e5. doi: 10.1016/j.neuron.2018.01.037
van Kempen, J., Loughnane, G. M., Newman, D. P., Kelly, S. P., Thiele, A.,
O’Connell, R. G., et al. (2018). Behavioural and neural signatures of perceptual
evidence accumulation are modulated by pupil-linked arousal. BioRxiv:433060
[Preprint]. doi: 10.1101/433060
Varela, F., Lachaux, J. P., Rodriguez, E., and Martinerie, J. (2001). The brainweb:
phase synchronization and large-scale integration. Nat. Rev. Neurosci. 2,
229–239. doi: 10.1038/35067550
Vazey, E. M., Moorman, D. E., and Aston-Jones, G. (2018). Phasic locus coeruleus
activity regulates cortical encoding of salience information. Proc. Natl. Acad.
Sci. U S A 115, E9439–E9448. doi: 10.1073/pnas.1803716115
Vertes, R. P. (2004). Differential projections of the infralimbic and prelimbic
cortex in the rat. Synapse 51, 32–58. doi: 10.1002/syn.10279
Vinck, M., Batista-Brito, R., Knoblich, U., and Cardin, J. A. (2015). Arousal and
locomotion make distinct contributions to cortical activity patterns and visual
encoding. Neuron 86, 740–754. doi: 10.1016/j.neuron.2015.03.028
Volgushev, M., Chauvette, S., Mukovski, M., and Timofeev, I. (2006).
Precise long-range synchronization of activity and silence in neocortical
neurons during slow-wave oscillations. J. Neurosci. 26, 5665–5672.
doi: 10.1523/JNEUROSCI.0279-06.2006
Vyazovskiy, V. V., Olcese, U., Hanlon, E. C., Nir, Y., Cirelli, C., and Tononi, G.
(2011). Local sleep in awake rats. Nature 472, 443–447. doi: 10.1038/nature
10009
Wimmer, V. C., Bruno, R. M., de Kock, C. P., Kuner, T., and Sakmann, B. (2010).
Dimensions of a projection column and architecture of VPM and pom axons in
rat vibrissal cortex. Cereb. Cortex 20, 2265–2276. doi: 10.1093/cercor/bhq068
Wimmer, R. D., Schmitt, L. I., Davidson, T. J., Nakajima, M., Deisseroth, K.,
and Halassa, M. M. (2015). Thalamic control of sensory selection in divided
attention. Nature 526, 705–709. doi: 10.1038/nature15398
Yamashita, T., Pala, A., Pedrido, L., Kremer, Y., Welker, E., and Petersen, C. C.
(2013). Membrane potential dynamics of neocortical projection neurons
driving target-specific signals. Neuron 80, 1477–1490. doi: 10.1016/j.neuron.
2013.10.059
Yamashita, T., and Petersen, C. (2016). Target-specific membrane potential
dynamics of neocortical projection neurons during goal-directed behavior. Elife
5:e15798. doi: 10.7554/eLife.15798
Yamashita, T., Vavladeli, A., Pala, A., Galan, K., Crochet, S., Petersen, S. S. A., et al.
(2018). Diverse long-range axonal projections of excitatory layer 2/3 neurons in
mouse barrel cortex. Front. Neuroanat. 12:33. doi: 10.3389/fnana.2018.00033
Yang, H., Kwon, S. E., Severson, K. S., and O’Connor, D. H. (2016). Origins
of choice-related activity in mouse somatosensory cortex. Nat. Neurosci. 19,
127–134. doi: 10.1038/nn.4183
Yu, J., Gutnisky, D. A., Hires, S. A., and Svoboda, K. (2016). Layer 4 fast-spiking
interneurons filter thalamocortical signals during active somatosensation. Nat.
Neurosci. 19, 1647–1657. doi: 10.1038/nn.4412
Zaborszky, L., Csordas, A., Mosca, K., Kim, J., Gielow, M. R., Vadasz, C., et al.
(2015). Neurons in the basal forebrain project to the cortex in a complex
topographic organization that reflects corticocortical connectivity patterns: an
experimental study based on retrograde tracing and 3d reconstruction. Cereb.
Cortex 25, 118–137. doi: 10.1093/cercor/bht210
Záborszky, L., Gombkoto, P., Varsanyi, P., Gielow, M. R., Poe, G., Role, L. W.,
et al. (2018). Specific basal forebrain-cortical cholinergic circuits coordinate
cognitive operations. J. Neurosci. 38, 9446–9458. doi: 10.1523/JNEUROSCI.
1676-18.2018
Zagha, E., Casale, A. E., Sachdev, R. N., McGinley, M. J., and McCormick, D. A.
(2013). Motor cortex feedback influences sensory processing by modulating
network state. Neuron 79, 567–578. doi: 10.1016/j.neuron.2013.06.008
Zhang, S., Xu, M., Kamigaki, T., Hoang Do, J. P., Chang, W. C., Jenvay, S.,
et al. (2014). Selective attention. Long-range and local circuits for
top-down modulation of visual cortex processing. Science 345, 660–665.
doi: 10.1126/science.1254126
Zhao, W. J., Kremkow, J., and Poulet, J. F. (2016). Translaminar cortical membrane
potential synchrony in behaving mice. Cell Rep. 15, 2387–2399. doi: 10.1016/j.
celrep.2016.05.026
Zhou, M., Liang, F., Xiong, X. R., Li, L., Li, H., Xiao, Z., et al. (2014). Scaling down
of balanced excitation and inhibition by active behavioral states in auditory
cortex. Nat. Neurosci. 17, 841–850. doi: 10.1038/nn.3701
Zingg, B., Hintiryan, H., Gou, L., Song, M. Y., Bay, M., Bienkowski, M. S.,
et al. (2014). Neural networks of the mouse neocortex. Cell 156, 1096–1111.
doi: 10.1016/j.cell.2014.02.023
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Poulet and Crochet. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Systems Neuroscience | www.frontiersin.org 18 January 2019 | Volume 12 | Article 64
